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INTR()DUCTORY REMARKS
By
H u n t e r  R o u s e  
Iowa Institute of H ydraulic Research, Iowa City, Iowa
A t the F irs t Hydraulics Conference fourteen years ago, one of 
the papers on the subject of sediment transportation gave the im­
pression that we were well on the way toward the solution of this 
problem in at least its basic aspects. Laboratory and field studies 
have been continued during the intervening years, yet it is with 
mixed feelings that we assess the progress that has been made. W hen 
viewed in retrospect, our advancement is most encouraging. I f  we 
look ahead, however, it almost seems as though ground had been 
lost, for our horizons have broadened to the extent that the visible 
goal is now much farther removed. An essential p a r t of our accom­
plishment is evidently the appreciation of many aspects of the prob­
lem which were not previously apparent.
A case in point is the very m atter so hopefully described by the 
writer at that initial Conference: the phenomenon of scour. I t  is 
still being investigated very actively, and knowledge about it is 
steadily accumulating. B ut p art of that knowledge is the fact that 
Avhat appears to be a very elementary process actually involves all 
phases of sediment movement — entrainment, traction, suspension, 
and deposition — which change in relative importance with no 
simple flow or sediment parameter. Under some conditions, for ex­
ample, it is the fall velocity of the material which plays a decisive 
role, and under others it is the particle size; but invariably the ac­
tion of viscosity enters the picture, in the motion of either the sedi­
ment with respect to the fluid or the fluid with respect to the bed. 
Ju s t as in cases of uniform transportation, the limits of the various 
regimes are still unknown. Much the same complexities are now 
recognized in most other phases of sediment movement, and ques­
tions of model similarity become only the more difficult to answer.
Aside from such secondary factors as the m utual effects of con­
centration and turbulence, the problem of sediment suspension is es­
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sentially solved — except for the final and all-important link be­
tween a point in the flow and a point on the bed. Fortunate, perhaps, 
is the fact tha t a very similar boundary condition is encountered in 
phenomena of air entrainment and evaporation. Until its quantita­
tive analysis is finally mastered in one field or another, suspended 
load and bed load must continue to be treated separately, the prac­
tical evaluation of total load being possible only by makeshift means. 
Such distinction between the two phases of transport is wholly ar­
bitrary, of course, for the complete solution of either phase — 
whether empirical or analytical — will necessarily include that of 
the other. Only the determination of the wash load must continue 
to remain distinct, because of its difference in source.
Another aspect of sediment movement which has become more 
thoroughly appreciated in recent years is the deposition which oc­
curs in estuaries a t the juncture between fresh and salt water. The 
problem of estuarial flow in itself is one of the most complicated 
tha t exists, involving as i t  does the unsteady, non-uniform motion 
of two partia lly  mixed liquids of different density. In  addition, the 
sediment carried by the flow is subject to a complex interplay of 
mechanical and chemical effects. Whereas control of this phase of 
river hydraulics involves by fa r  the largest expenditure of funds, 
it has received until now the least theoretical attention.
Field engineers have had the advantage of those in the laboratory 
to the extent tha t the complexity of field problems has long been 
more thoroughly appreciated. Indeed, it was for this very reason 
that small-scale experiments on sediment transportation were first 
undertaken. P artly  as the result of laboratory studies, the gather­
ing of field data has steadily become more systematic, and im­
proved methods of observation have come into use. These, unfor­
tunately, have been restricted to phases of either deposition or 
suspension, and bed-load sampling has progressed only by indirect 
means. One of the most salutary forward strides has been the grad­
ual —■ though still incomplete — realization that the sediment prob­
lem can be solved in neither the field nor the laboratory alone: that 
each is dependent upon the other for what it cannot itself accom­
plish.
One or more of the foregoing points is reflected in each of the fol­
lowing papers and as well in the accompanying resume of discus­
sions. In  selecting the subject m atter of the papers and the writers 
who presented them, the Iowa Institu te sought to obtain a repre­
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sentative group of topics as well as authoritative speakers, and each 
oi the latter was to appear for the first time on a Conference pro ­
gram. The policy of recording and abstracting the discussions for 
these Proceedings was an innovation. I t  is believed that the result­
ing panel of speakers and discussers provided material that is broad­
ly typical of sediment practice in the United States, and tha t their 
audience included members of every American organization dealing 
with this subject. F inal tabulation of the registration list indicates 
that 213 engineers from 34 States and five foreign countries partic i­
pated in the three-day meeting.
http://ir.uiowa.edu/uisie/34
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TW ENTY YEARS OF SEDIM ENT WORK ON T1IE 
COLORADO R IV ER
By
C. P. V e t t e r  
Bureau of Reclamation, Boulder City, Nevada
W ith authorization by Congress in 1928 of the construction of 
a dam in Black Canyon of the Colorado River and an All-American 
Canal, from the Colorado River to the Im perial Valley, many un ­
usual problems arose in the planning and execution of these u n ­
precedented works. The problems included not only the design and 
construction of a dam higher and of greater mass than any pre­
viously attempted and another dam on loose alluvium foundation, 
but also the effect of the construction of those dams and consequent 
flow regulation on the regimen of a river carrying large volumes of 
sediment.
The purpose of this paper is to cover what was done then and 
what has been done since to recognize and provide solutions for 
the problems arising from interference with the natura l habits of 
a great river (Fig. 1). The problems fall naturally  in three cate­
gories. The first deals with the effect on the reservoir, Lake Mead, 
formed by the new dam, Hoover Dam (formerly known as Boulder 
Dam), of the large quantities of silt which would enter it and be 
deposited after the dam was closed. The second category deals with 
the problems which would arise from the disturbance of the regi­
men of the river below Hoover Dam, as well as below other dams 
which were soon to be constructed downstream, following removal 
of the silt from the river water by deposition in the reservoirs, and 
the change in the characteristics of flow from alternating floods 
and drouths to an almost constant flow. The th ird  category has to 
do with the design criteria which were to be used in the construc­
tion of the All-American Canal and its diversion dam, Imperial 
Dam, authorized for construction at the same time as was Hoover 
Dam.
The problems of the th ird  category were considered first, be­
cause their solutions had to be translated into concrete and steel so
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M g . 1 . T h e  C o l o r a d o  R i v e r  B a s i n .
tha t construction of the canal and the diversion dam might proceed 
simultaneously with the construction of the storage dam. I t  was not 
until 1944 that the problems of the second category — those con­
nected with the changed regimen of the river — became so pressing 
that remedial measures had to be undertaken. Not until 1948 was 
it possible to conduct the extensive surveys and investigations which 
were necessary to determine how and where the large volumes of 
sediments were deposited within the volume of Lake Mead.
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As has been the ease in many developments 011 western rivers, 
the available basic data were few and covered only a relatively 
brief period of time. A few silt samples had been collected at Yuma, 
Arizona, as early as 1892 and between 1900 and 1904. Although a 
gaging station was established at Yuma in 1902, only discharge 
measurements were made. D uring the summer of 1909, samples of 
the river water were taken by the Bureau of Reclamation and the 
percent of sediment in transport by weight was determined. A 
sampling program has been carried out continuously at Yuma at 
a frequency varying from one sample per month to two samples 
per week since A pril 1910. The Geological Survey secured daily 
sediment samples at Topock, Arizona, from October 1935 through 
March 1937, and sediment samples have been obtained at Grand 
Canyon (Bright Angel Station) since 1926, with size analyses being 
made since 1935.
T h e  P r o b l e m s  o f  I m p e r i a l  D a m
The first question to be answered in connection with the design 
of the diversion dam and headworks for the All-American Canal 
was the extent to which the silt load at the heading would be 
changed by the construction of Hoover Dam and Parker Dam, the 
latter being located 155 miles below Hoover, with the complete 
elimination of the silt load at those dams and the discharge of clear 
water from them (Fig. 2). The Imperial Irrigation D istrict and 
its predecessors, which had diverted water from the Colorado River 
near Yuma since 1902, had found it necessary to expend large sums 
of money on silt removal so as to prevent the choking of their canals. 
The Yuma Irrigation District, which had diverted water from the 
Colorado River at Laguna Dam since 1907, had utilized a simple 
desilting basin to eliminate the sediment from its canals.
The investigations which it was hoped would provide the answer 
to these questions were started in 1933 by the Bureau of Reclama­
tion on the initiative of B. W. Lane. The purpose was twofold: (1) 
To establish if possible the magnitude of the bed load in relation 
to the suspended load, and (2) to determine the particle-size dis­
tribution of the total load and of the material constituting the river 
bed. The total load was determined by securing samples at Laguna 
Dam, fifteen miles upstream from Yuma, from the crest, from the 
sluiceways, and from the Yuma Main Canal, which diverts its 
water at the dam. At the same time standard  suspended-load sam-
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F i g . 2 .  M a p  a n d  O p e r a t i o n a l  D i a g r a m s , C o l o r a d o  B i v e r  B e l o w  H o o v e r
( B o u l d e r )  D a m .
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pies were collected at the Imperial Dam site, 4.5 miles above La­
guna Dam. The silt samples were analyzed with sieves and hy­
drometers and the quantities, expressed in tons per day as a func­
tion of discharge, were plotted in seven particle-size groups, rang ­
ing from larger than 0.25 mm. to smaller than 0.005 mm. I t  ap­
peared that in the coarser grades there was a fairly  well-defined 
relation between the total load and the discharge, but that, as the 
material got finer, the points scattered more and more and no re ­
lation appeared to exist between the discharge and m aterial finer 
than 0.01 mm. It was also determined that there was no significant 
difference between the total load passing Laguna Dam and the sus­
pended load passing Imperial Dam site a few miles upstream. The 
conclusion was drawn that on the lower Colorado River at that 
time the suspended load constituted by far the greater portion of 
the total load and that very little if any sediment traveled as true 
bed load except perhaps as local shifting sand bars.
In  November 1933 borings were made in the bed of the river at 
sections located from 18 to 25 miles apart in the reach between 
Parker Dam site and Imperial Dam site. Material obtained from the 
borings was analyzed in the same manner as was the sediment ob­
tained from the flow. The material in the river bed was found to 
lie between 0.05 to 0.6 mm. This range of sizes is practically the 
one over which the observations at Laguna and Imperial Dams in­
dicated a relationship between sediment load and water discharge. 
The conclusion was drawn that under conditions as they existed 
then on the lower Colorado, the r iv e r’s flow carried as much of the 
sediment of the grain sizes occurring in the river bed as it could 
and that, as a result, if the total load was removed at a given point 
and clear water discharged from a dam, the water would again re ­
move material from the river bed until a concentration was reached 
equal to that under uncontrolled conditions. Since the finer sizes, 
that is, those smaller than 0.05 mm., were available in the bed to 
only a very limited extent, the desilting works at Im perial Dam 
were designed to handle, initially, the same concentration in the 
range 0.05 to 0.6 mm. as was determined from the suspended sedi­
ment samples.
It was recognized that as the river continues to replenish its silt 
supply from its bed and the bed as a result degrades downstream 
from the dams, the material carried by the river will gradually be 
taken from deeper and deeper layers of the bed. This was impor­
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tan t because the borings had indicated that the material got coarser 
with depth, so it might be expected that the silt load would grad­
ually decrease. I t  could also be expected that the character of the 
sediment transport would change, in that, as the bed material be­
came larger, a change from suspended to bed load would take place.
Another phenomenon was expected to effect a decrease in the 
sediment load, but it was more difficult to evaluate. As water flows 
over a bed consisting of a mixture of sediment of various grain sizes, 
the smaller particles would first be removed, leaving the coarser 
particles to form a pavement on the surface of the bed, protecting 
the lower stra ta  from erosion. This is usually referred to as shin­
gling, and a similar phenomenon is observed under the action of 
wind on sand grains of different sizes forming the surface of a 
desert. A pavement formed in this manner will effectively reduce 
degradation until the pavement is disturbed by greater discharges 
or by a shift in the river channel.
The correctness of these reasonings, new in the science of river 
engineering a t that time, has been borne out by observations at the 
desilting works since they were constructed.
The sediment observations at the Imperial Dam site, intended 
prim arily  to furnish data for the design of the dam and desilting 
works, have been continued to the present time, in the form of sus- 
pended-sediment measurements above Imperial Dam, as have also 
the sediment determinations at Yuma, started in 1910. Since con­
struction by Mexico of the Morelos Diversion Dam below Yuma, 
the sampling program has been expanded so as to furnish a con­
tinuing check of the behavior of the river upstream from that dam. 
An agreement with Mexico provides that the dam shall be operated 
in such a manner that above the dam water stages at ordinary flows 
shall not increase above the 1948 figures.
W ith the maximum sediment load determined for which the pro­
posed desilting works at Imperial Dam was to be designed, there 
remained many technical problems connected with the design of 
the individual elements of the structure and the mechanical equip­
ment which was to accumulate the material deposited on the bottom 
of the desilting basins and sluice it back to the river. One interest­
ing detail was the evaluation of the required horsepower of these 
machines, or scrapers. To determine the frictional resistance of 
Colorado River sediment scraped along a surface of the same ma­
terial, large quantities were shipped to the laboratories of the
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Bureau of Reclamation in Denver, Colorado, for experimental de­
termination of the various factors involved. A fter numerical val­
ues had been obtained, the required horsepower of the scraper 
mechanisms was computed. Next, a check of the computations was 
made by shipping another load of Colorado River sediment to the 
laboratories of the Dorr Company, Inc., at W estport, Connecticut, 
where a miniature desilting basin had been constructed similar to 
those that were being planned at Imperial Dam. This basin was fed 
with the material, the torque required to scrape it measured, and 
again computations were made to translate the measurements into 
the horsepower required in a prototype basin. The results at W est­
port and those in Denver, conducted in an entirely different man­
ner, agreed to a surprising extent. F igure 3 shows an aerial photo­
graph of the Imperial Dam and desilting works. F igure 4 shows one 
of the mechanical scrapers.
T h e  P r o b l e m s  o f  R iv e r  R e g i m e n
The next problem with which the Bureau of Reclamation was con­
fronted on the Colorado River was the effect on the regimen of the 
stream of the clear water discharges, first from Hoover Dam and
P i g . 3 . I m p e r i a l  D a m  a n d  D e s i l t i n g  W o r k s .
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F i g .  4 .  M e c h a n i c a l  S c r a p e r  o f  I m p e r i a l  D a m  D e s i l t i n g  W o r k s .
later from Parker Dam and Davis Dam. I t  was decided to follow 
quantitatively the rate at which material was being removed from 
the river bed below each dam by the retrogression process and the 
rate and manner of depositing the material above the downstream 
dams. Hoover Dam was closed Feb. 1, 1935, and the first 17 ob­
servation stations were established at that time along the reach of 
river between the dam and Jumbo Wash, a distance of approxi­
mately 13 miles. By Ju ly  1935 it became evident that retrogression 
was progressing rapidly downstream and more stations were estab­
lished. By June 1941 retrogression observations were being made 
along the entire 120-mile reach of the river, extending from Hoover 
Dam into the canyon section at the headwaters of Lake Havasu. 
A t first observations were made a t approximately two-week inter­
vals, but at the present time measurements are made only once a 
year. Up to the end of 1951, 63 runs of retrogression measurements 
had been made. F igure 5 shows various profiles of water-surface 
elevations adjusted to a discharge of 15,000 second-feet and the 
average river-bed elevations as computed from the area below a 
fixed base line.
I t  will be noted that below Hoover Dam the greatest lowering of
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the average river bed has taken place at section 10, 7.7 miles down­
stream, and amounts to about 24 feet. The retrogression in the 
stretch of the river between Hoover Dam and Davis Dam, 67 miles 
downstream, had practically stopped by the time Davis Dam was 
closed and Lake Mohave was formed in 1950. D uring the 15 years 
from the time Hoover Dam was closed to the time this reach of 
river became a lake, a total of about 98,000,000 cubic yards of ma­
terial had been removed from the 67 miles.
Retrogression sections similar to those below Hoover Dam were 
established below P arker Dam, and measurements started with the 
dam closure on Oct. 16, 1938. A total of 23 sections was installed 
between Parker Dam and the headwaters of Imperial Dam. Con­
struction in 1940 of Headgate Rock Dam by the Indian Service, 
14.4 miles below Parker Dam, simply shifted the focal point of 
retrogression the same distance downstream. As of 1951 the maxi­
mum retrogression below Parker Dam has taken place at section 
37, 23.6 miles downstream and 9.2 miles below Headgate Rock Dam, 
and amounts to approximately 11 feet. Between October 1938 and 
Ju ly  1951 a total volume of about 166,000,000 cubic yards of ma­
terial had been removed. The node point below Parker Dam where 
retrogression changes to aggradation seems to be located at the 
present time approximately 95 miles downstream and 53 miles up ­
stream from Imperial Dam. Profiles of water-surface elevations and 
average bed elevations are shown on Pig. 6.
The nearly 152,000,000 cubic yards of material eroded below 
Hoover Dam and transported downstream was of course deposited 
upstream  from Parker Dam, 155 miles downstream. The deposition 
took place in a somewhat unexpected manner. The head of Parker 
Dam reservoir (Lake Havasu) is located in a canyon stretch near 
Topock, Arizona. The head of the reservoir, as here used, is under­
stood to be the point at which a horizontal line drawn along the 
maximum water-surface elevation intersects the river bed. Up­
stream from the gorge at Topock is the wide alluvial Mohave Val­
ley, extending upstream for some 33 miles.
A t first, material was deposited at the head of the reservoir in 
the usual manner and a m iniature delta began to form, which slowly 
extended upstream. I t  had all the characteristics of a regular delta, 
with topset, foreset, and bottomset beds. Soon, however, the de­
velopment of the young delta was obscured by a phenomenon of 
entirely different nature.
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In  the Mohave Valley, down through the years, the Colorado 
River has acted as any other alluvial, meandering stream. I t  has 
moved from side to side in the valley, sometimes by gradual accre­
tion, sometimes by avulsion. There is indisputable evidence that, 
a t least during the past hundred years, there has been a general 
rise in the level of the valley because of deposition of sediment as 
the river moved from side to side. To this may have been added 
river-bed aggradation caused by the inflow of gravel from side 
washes. The mechanics of the r iv e r’s behavior seem to have been 
that it followed a certain course for a number of years, during 
which it would from time to time overflow its banks during floods. 
Since the river water was heavily laden with fine silt, suspended in 
an almost uniform  concentration from top to bottom, that water 
overflowing the banks of the stream during floods would contain 
large volumes of fine silt. Since the banks were overgrown with 
tules and willows, as the silt-laden water penetrated this vegeta­
tion the silt was deposited along a fringe paralleling the river banks 
and natura l levees were formed. As long as these natural levees 
kept pace with any general rise of the river bed, no avulsion would 
take place, but gradually the land adjacent to the r iv e r’s banks 
became higher than the valley fa rther back. Eventually, an un­
usually large flood would descend the valley and the overflow at 
some point would be heavy enough to uproot the vegetation, thus 
perm itting the river to course down a lower portion of the valley 
and an avulsion had taken place. The same levee-building processes 
would reoccur in its new course, until a new avulsion took place. 
The yearly floods would keep the river channel within the natural 
levees relatively free of obstruction and growth.
W ith the closure of Hoover Dam, this pattern  of annually re­
peating floods changed. The flow of the river was now at a nearly 
constant rate. A substantial silt load was still carried by the water, 
but gradually its character changed. Its average size increased and 
its concentration near the surface decreased until the river, when 
looked upon obliquely, appeared blue and clear. The capacity of 
the river to transport the coarser material now available may have 
been less than that to transport the finer material of the past. In  
any case, deposits on the bed continued and occasionally overflows 
across the banks took place. The overflow came from the top layers 
of the river, which were now almost free of silt. As it penetrated 
the vegetation, no deposits were made, no natural levees were
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formed. A break was not again healed. Whenever a point of over­
flow had been created, the river continued to overflow a t tha t point 
and kept on losing its water, but only a little of its silt. The result 
was that the remaining water was still less able to carry  the sedi­
ment load and deposition on the river bed was accelerated. Soon 
all the water was passing through the vegetation and the river bed 
remained as a dry  sandy ribbon where the river once flowed. Where 
a muddy river with a forever changing course had once meandered 
through an alluvial valley, but with a course which was at any one 
time well established, there now was a swamp with water covering 
an entire valley to a width of I f  to almost 5 miles, occupying in­
numerable sloughs and channels or simply filtering through the 
vegetation. For 15 miles a river had ceased to exist.
As no open channel into Lake Havasu remained, all sediment 
eroded below Hoover Dam was deposited in the swamp, with the 
result that its general level continuously rose. I t  is estimated that 
during the period 1935 to 1951 only 32 percent of the material 
eroded below Hoover Dam found its way into Lake Havasu. The 
rest was held in the swamp. The formation of the swamp with the 
rising water surface inundated p a r t of the city of Needles, Cali­
fornia, and seriously threatened a stretch of the Santa Fe Rail­
way Company’s main line.
A somewhat parallel phenomenon has occurred upstream  from 
Imperial Dam reservoir, below Parker Dam. The material eroded 
from the river bed below Parker and Headgate Rock dams has been 
deposited in Imperial Dam reservoir and upstream therefrom. The 
original storage capacity of Imperial Dam reservoir was only 
85,000 acre-feet and it was rapidly filled, the resultant rise in river 
bed moving slowly upstream. However, for reasons which are not 
quite clear at this time, swamp formation as at Needles has not 
taken place above Imperial Dam reservoir. The rise of the water 
surface, however, has interfered with the drainage outlet from Palo 
Verde Valley at Blythe, California.
The changed regimen of the river because of the elimination of 
the sediment load and the equalization of the flow then becomes a 
matter of retrogression below the dams and aggradation above the 
reservoirs formed by the dams, with occasional complications, such 
as the swamp formation at Needles. I t  has been mentioned that, in 
the case of the city of Needles and the drainage outlet from Palo 
Verde Valley, aggradation had great economic consequences. The
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same applies to stretches of degradation with lowered water-surface 
elevations, where people have been diverting water from the river 
without use of a diversion dam. These diversions would be destroyed 
because of the lower water-surfaee elevations. This was the case 
at the diversion point for Palo Yerde Valley above Blythe. By 1944, 
the retrogression below Parker and lleadgate Rock dams had pro­
gressed to a point at which it was impossible for the Valley to con­
tinue to obtain its needed water supply. As an emergency measure,
F i g . 7 . T e m p o r a r y  P a l o  Y e r d e  W e i r .
the Congress made available to the Bureau of Reclamation funds 
for the construction of a tem porary rock weir in the river so as to 
m aintain the water surface at that elevation which had existed 
before retrogression started. This weir was completed in 1945 and 
has since been m aintained with some difficulty. I t  is still serving 
its purpose, the difference in water surface between the upstream 
and downstream sides being now about 9 feet. Investigations have 
been in progress for several years to decide on a permanent method 
of diversion at this point which would not be dependent on a tem­
porary structure requiring constant surveillance and repairs, but 
an agreement has not yet been reached between the Government
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and the people interested. F igure 7 shows a photograph of the weir.
To overcome the difficulties caused by the rising water surface 
at the drainage outlet from the Palo Verde Valley, which in tu rn  
was caused by sediment deposition upstream from Im perial Dam, 
a temporary river relocation was made past the mouth of the drain 
in 1947. The purpose of this relocation, usually referred to as the 
Cibola Valley Pilot Cut, was to create better conditions at the mouth 
of the drain, and it did result in lowering the water surface in the
F i g . 8 .  T h e  C i b o l a  V a l l e y  P i l o t  C u t .
drain by almost two feet. The cut was excavated with a dragline, 
the river being diverted through a 40-foot pilot cut. I t  took almost 
two years for the cut to develop into a river with a width of about 
400 feet, but it now carries almost the entire flow. F igure 8 shows 
an aerial view of the cut.
The situation at Needles required more drastic measures. I t  was 
obvious that to re-establish the equilibrium of the river it would 
be necessary to create a new channel between Needles and Topock, 
free of obstructing vegetation, an d 'to  constrain the river within 
this new channel. The only known method of accomplishing this 
was by dredging. To prevent the new river channel from again de­
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teriorating through loss of water to the surrounding swamp, levees 
would have to extend the full length of the channel so that, even 
at high releases from upstream  dams, the river would be fully con­
fined. The channel was located along the California mesa of the 
valley so tha t only one levee was needed to prevent overflow from 
the channel to the swamp toward the east.
Because of the unknown difficulties which might be encountered 
due to the vegetation which was expected to, and did, cause clog­
ging of the dredge pump, and because of the unknown amount of 
maintenance of the new channel, it was decided to be in the best 
interests of the Government to construct a dredge and do the work 
by Government forces. A contract for the construction of a 20-inch 
suction dredge was let on Ju ly  24, 1947, and the dredge was placed 
in operation on the Colorado River on Jan. 31, 1949.
Since there are no locks at the various dams on the lower Colo­
rado River, and since in the fu tu re  there will be dredging work 
similar to tha t a t Needles required at other spots, the dredge was 
made of sectional construction so that it can be completely disas­
sembled, moved by truck or railroad car, and reassembled at a new
F i g . 9 . B u r e a u  o f  R e c l a m a t i o n  D r e d g e  ‘ ‘ T h e  C o l o r a d o . ’ ’
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site. The dredge has a 1350-horsepower, direct-connected, 4-cycle, 
Diesel engine for the operation of the main pump, and a 300 kw, 
Diesel-operated, motor-generator set furnishing energy for the 
cutter. I t  has also two auxiliary motor-generator sets for the opera­
tion of fire pumps, etc. A suction dredge progresses by swinging 
back and forth  around one or the other of two spuds at the stern. 
The sideward, swing is accomplished by pulling alternately on two 
anchors placed on shore adjacent to the channel and moved for­
ward as the dredge progresses. In  the dense growth which was en­
countered along much of the alignment between Needles and To- 
pock, it would have been difficult to move the heavy anchors by any 
land-operated equipment. A device rarely  used previously was re ­
sorted to, whereby the anchors could be moved from the dredge 
itself by means of long booms attached to its forw ard corners. F ig ­
ure 9 shows the dredge and Fig. 10 an aerial view of the dredge in 
operation while moving material into a channel closure.
Due to the coincidence of several unlikely circumstances, the 
dredge sank while unattended during a week-end in November 1949. 
I t  was raised by Government forces and returned to operation. The 
average unit cost of dredging and depositing material along a levee
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at one side of the dredge cut has been substantially less than could 
have been possible by any other method of operation.
Dredging was done in the downstream direction, beginning at 
Needles. To avoid the carrying of silt from the river into the 
dredged channel behind the dredge, a plug was thrown across the 
upstream end where it started at an existing river channel, and 
sloughs encountered on the way were closed off by deposition of 
dredge spoil. In  this manner all dredging was done in still water, 
making possible low un it costs. As the dredge approached Topock,
P i g .  12. B e g i n n i n g  o p  F l o w  I n t o  D r e d g e d  C h a n n e l  T h r o u g h  U p p e r  P l u g ,
J u n e  25, 1951.
water in the cut was concentrated at the lower end and the upper 
end of the channel became dry. To bring the dredge back to the 
yard before the channel was opened to the river, it was necessary 
to first bring it half way back to Needles, then to dredge a levee 
across the channel, allowing its upper half to fill with water, there­
by permitting the dredge to be towed back to the yard. To pu t the 
channel into operation, the middle dam was demolished with dyna­
mite and, as soon as the flow had a good start, the upper plug was 
removed in the same manner. The flow through the channel was
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F i g . 13 .  D r y d o c k  f o r  “ T h e  C o l o r a d o ”  a t  N e e d l e s , C a l i f o r n i a .
violent for a few weeks, but within one month after the plug was 
blown it  was possible to take the dredge out into the channel again 
for extension of the work upstream. Figure 11 shows an aerial 
photograph of the channel from Needles to Topock, taken shortly 
after the dredging was resumed. F igure 12 shows the initial flow 
through the hole shot in the upper plug.
D uring the early months of 1952 it became desirable to have the 
dredge drydocked so that its underwater surfaces might be sand­
blasted and repainted. The methods used for construction of an 
inexpensive drydock may be of interest. F irst, the dredge dug a 
large hole off the access channel to the repair yard. The material 
dredged was placed next to the excavation. Second, the communica­
tion between the hole and the channel was closed by pushing in the 
material deposited along the rim. Third, wellpoints were estab­
lished around the rim and the hole unwatered. Fourth, piles were 
driven and ways constructed on the bottom, whereupon the water 
was allowed to rise, the closing dam removed, the dredge backed 
in, the dam closed again, and the dock unwatered. When the re­
painting was completed, the water was allowed to rise in the dock
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and the dredge dug itself out. Figures 13 and 14 show two stages 
of the work.
Because of almost unprecedented precipitation over the Colo­
rado River watershed in the spring of 1952,'releases from Hoover 
and Davis Dams have been substantially increased since early J a n ­
uary. The increased flow has caused some damage to the new chan­
nel, particularly where vegetation did not exist along the banks 
or had not had time to become well started. Along stretches where 
the vegetation along the banks was heavy, the cutting of the chan­
nel banks has been moderate. Attempts were made to protect raw 
banks with wire mesh without much success. A bridge is now under 
construction which will permit rock and gravel to be hauled to the 
east side of the channel and no difficulties are anticipated in re ­
establishing the channel banks in places where they have been 
eroded. Some maintenance work will be required, however, at least 
as long as the discharges remain high.
It is planned that the dredged channel will be extended upstream. 
First, it is desired to extend the levee which separates the river 
from the low-lying lands of the Mohave Valley to the east so that
F i g .  1 4 .  S a n d b l a s t i n g  H u l l  o f  “ T h e  C o l o r a d o ”  i n  D r y d o c k .
http://ir.uiowa.edu/uisie/34
the valley may be safely developed for agricultural purposes, as 
well as to avoid loss of water from the channel. Second, the exten­
sion of the channel will accelerate the retrogression below Davis 
Dam and, in this manner, create additional head on the power plant 
turbines and increase generation from the same flow of water. Third, 
maintenance of the channel downstream will be reduced by accel­
erating the process of stabilization of the entire river stretch be­
tween Topock and Davis Dam.
By June 1852, the water-surface elevation in the river opposite 
Needles had been lowered approximately six feet, as compared with 
the elevation for the same discharge before the dredging work was 
begun. This lower river stage means increased flood protection to 
the city of Needles and the Santa Fe Railroad. I t  also means im­
proved drainage of the lands of the Mohave Valley, where large 
areas are already being opened for the growing of crops. Finally, 
it means less water loss by evaporation and transpiration in the 
swamp area. Tentative figures seem to indicate that the water loss 
in the Mohave Valley may have increased some 300,000 acre-feet 
a year because of the formation of the swamp. While this increased 
loss can probably not be entirely recovered, it is expected to be sub­
stantially reduced.
S e d i m e n t a t i o n  o f  L a k e  M e a d
On Feb. 1, 1935, the gates to the outlet tunnels .of Hoover Dam 
were closed and the reservoir, later named Lake Mead, began to fill. 
The question of what would happen to the enormous silt mass, 
over 200,000,000 tons a year, which would enter the reservoir from 
the upper river, had been given some thought in the design of the 
dam. A silt storage space at the bottom of the reservoir, below the 
elevation of the sills of the lowest outlet gates, had been provided. 
Its  volume a t the time the gates were closed was 3,200,000 acre-feet. 
Since this space occupied the lowest portion of the reservoir next 
to the dam, it was recognized that probably only a part of the total 
load entering the reservoir would find its way through the lake to 
the space provided. The mechanics of formation of deltas where 
sediment-laden streams enter natural lakes of course was known. 
I t  was also known tha t similar deltas would form in artificial lakes, 
and such had been observed at the head of Elephant Butte reser­
voir. W hat was not known was how much of the silt mass would 
be deposited as a delta, how much would travel farther into the
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reservoir, and what would be the manner of transportation of that 
material. Another unknown was the volume which would be occu­
pied by the incoming sediment, in that the weight only was de­
termined at the Grand Canyon Station, located some 150 miles up ­
stream from the head of the reservoir and considered representa­
tive of the total inflow.
The appearance for a brief period of muddy water coming 
through the tunnel outlets of Hoover Dam in September and Oc­
tober of 1935, after the lake had reached considerable size, and den­
sity current observations made at the laboratories of the California 
Institute of Technology, led to the desire for exploration of the con­
ditions in Lake Mead so as to determine whether density currents 
possibly did occur in a lake of that magnitude.
In  1937 the National Research Council established a Committee 
on Density Currents, which in tu rn  created a Subcommittee on Lake 
Mead, charged with the duties of obtaining density current data on 
the lake. With the cooperation of the Bureau of Reclamation, the 
major portion of these data was obtained during the years 1937 to 
1940 and the work was continued at a reduced scale to the present 
time. The results were embodied in a report by the Subcommittee, 
published by the Bureau of Reclamation, and entitled, ‘1 Lake Mead 
Density Currents Investigations, 1937-1946”  — 3 volumes. Sub­
sequent data can be found in “ Report of River Control W ork and 
Investigations — Lower Colorado River — Calendar Years 1948 
and 1949.”  I t  was established that at times substantial portions of 
the inflow into Lake Mead traveled along the bottom of the reser­
voir, following the old river bed, finally becoming dissipated at the 
face of the dam. I t  was also disclosed tha t silt depositions, reach­
ing a depth in excess of one hundred feet, had accumulated imme­
diately upstream from the dam. These deposits could have been 
made only by density currents.
So as to explore fu rther the deposition of the sediment in the 
reservoir, to determine its volume, and to make a substantiated pre­
diction of the life of the reservoir, a comprehensive sedimentation 
survey was initiated in 1947 as a cooperative undertaking by the 
Bureau of Reclamation, the Geological Survey, and the Navy. The 
results of the survey indicated that the approximately two billion 
tons of silt, which had entered the reservoir from the time the out­
let gates were closed, occupied a space of approximately 1,425,000 
acre-feet, corresponding roughly to an average unit weight of 64.8
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pounds per cubic foot. The greatest depth of silt deposit was found 
a t the upper reaches of the reservoir, fa r above the silt pocket pro­
vided when the dam was designed and thus within the useful operat­
ing volume of the lake. The maximum depth was 270 feet. Below the 
typical delta formation at the upper end of the reservoir, deposits 
45 to 160 feet thick were found the entire distance from the head 
of the reservoir to the dam. Only 42 percent of the total volume had 
been deposited within the designated silt pocket below the lowest 
outlet gates. On the basis of the unit weight of the deposited silt, 
and taking into account the fu rther consolidation of the silt mass, 
as additional layers are placed on top, it is estimated that almost 
500 years will elapse before all storage capacity of the lake has 
been lost. The useful capacity of the lake, however, will have been 
reduced to an embarrassing extent much before that tim e; but it 
may be assumed with confidence that other storage works will be 
constructed upstream from Hoover Dam long before the operat­
ing volume of Lake Mead is reduced to any important extent.
C o n c l u s i o n
The concerted program, here described, of measurements, investi­
gations, remedial constructions, and reasoning, all dealing with the 
problems arising from the interference by man with the regimen of 
a silt-carrying river, is perhaps unique in the United States. Im­
portan t facets of the problems which should have been investigated 
may have been missed and false starts have been inevitable in the 
remedial work. B ut it should be kept in mind that river engineer­
ing is not as yet a precise science such as, for instance, bridge build­
ing and dam construction. No specific remedy to a situation as com­
plex as the one here considered can be expected to be completely 
successful. River control is largely a problem of unceasing vigilance 
and continued maintenance. Those responsible for the control meas­
ures must be prepared for disappointments, while those whose re­
sponsibility it is to make funds available must be prepared to meet 
continued needs.
D i s c u s s i o n
In  leading the discussion Mr. Boyer complimented the author and 
the Bureau on the forthright and intensive manner in which they 
have conducted their investigations of the several phases of sedi­
ment movement in the Colorado River. He expressed particular 
interest in the armoring of the bed through removal of the finer
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particles. This same phenomenon was observed along the Schuyl­
kill River in Pennsylvania, where the sediment is a m ixture of sev­
eral materials, including anthracite, coal, shale, clays, silts, and 
quartz sands and gravels. The river bed was found to have become 
effectively armored by a shingling of the slate particles and the 
gravels and that a considerable increase in discharge was required 
to produce movement. When movement did begin, the finer ma­
terials under the shingling were carried off in a rush.
Reference to the armoring of the river bed evoked considerable 
comment. Several photographs were shown by Mr. A. S. Harrison 
of the process by which a pavement or armored layer developed, 
taken during experiments on river-bed degradation at the Univer­
sity of California in 1950. The nucleus of a pavement probably is 
always present even in an equilibrium bed where no degradation 
has taken place. Tn a normal river bed, particles which are too large 
to be transported at ordinary discharges tend to segregate out of
Fie. 1 5 .  M o v a b l e  B e d  i n  a  F l u m e  A f t e r  E s t a b l i s h m e n t  o f  E q u i l i b r i u m
R a t e  o f  T r a n s p o r t .
the bed material near the surface and accumulate in a layer be­
neath that pa r t of the bed which actively participates in the trans­
port. Figure 15 shows the movable bed in a flume after the estab­
lishment of an equilibrium rate of transport; 1.6 percent of the 
bed mixture, consisting of particles too large to be transported, 
segregated from the moving material and accumulated in a layer 
beneath the bars. P a rt  of this layer is exposed a t the foot of the 
bar in the foreground. F igure 16 shows a portion of the top of this 
layer exposed by removing very carefully the bar m aterial which 
covered it.
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I f  the bed is allowed to degrade, an increasing number of non­
moving particles will accumulate in the coarse layer which begins 
to inhibit the transport of movable bed material and the bars will 
begin to disappear as in Fig. 17. Finally, enough non-moving par­
ticles will accumulate on the bed surface to prevent entirely the 
scouring from the bed and the transport of the movable bed ma­
terial beneath. A typical pavement or armored layer is shown in
F i g . 1 7 .  M o v a b l e  B e d  i n  a  F l u m e  a f t e r  B a r s  h a v e  B e g u n  t o  D i s a p p e a r .
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Fig. 18. Notice the characteristic shingled arrangement of the p a r ­
ticles.
Mr. Lane stated that the Colorado River Project was one of his 
first introductions to sediment work and it was one of the most 
complex. He also commented on shingling, pointing out that while 
it was realized tha t shingling would take place, no one was sure 
how long it would take or what would be its extent. They had no 
way of predicting how fast the finer material would be removed
F i g . 1 8 .  A r m o r e d  L a y e r  o n  A M o v a b l e  B e d  d u r i n g  A d v a n c e d  S t a g e
or T r a n s p o r t .
or to what depth, or what would be the size and distribution of the 
coarser materials which would be left behind.
Mr. Mitchell raised the question as to the effect of floods enter­
ing the Mohave Valley from the side, carrying large quantities of 
very heavy detritus with them. He was particularly  interested in 
determining if these side flows were the cause of the gradual rais­
ing of the river through this valley. He made reference also to the 
Sacramento Wash, which enters the lower end of Needles Valley.
Mr. Baines wished to know if the river in the region ju st below 
Hoover Dam, which has degraded approximately 24 feet, widened 
appreciably. Secondly, he was interested in the shingling, inquir­
ing whether it occurred on a smooth bed or on a bed where there 
were dunes. I t  had been his experience tha t if dunes form shingling 
is likely to occur.
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In  reply to Mr. M itchell’s inquiry, Mr. Vetter stated that the 
Sacramento Wash, which flows into the river at the lower end of 
the valley, has a fan of debris in the river at its outlet, but there 
is no riffle over this fan and it was doubted that this debris fan con­
tributed much to the valley’s rise. There is another wash which 
enters the valley, and gravel deposits some distance downstream in 
the river have undoubtedly come from that wash. There is historical 
evidence of floods in the first of the washes referred to, but no very 
good records of the second. There is some doubt that it has con­
tributed.
In  reply to Mr. Baines, Mr. Vetter stated that the river did not 
widen below Hoover Dam as it is in a canyon section. W ith regard 
to the shingling, it was not observed where there were sand bars. 
Shingling was found mainly on surfaces which have been relatively 
untouched by flow for some time. Once shingling has formed, it 
will remain untouched until a cloudburst or large flood passes over 
it.
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SEDIM ENT INVESTIGATIO NS FOR MISSOURI R IV ER
PRO JE CTS
By
D. C. B o n d u r a n t  
Corps of Engineers, Omaha, Nebraska
Engineers of the Missouri River Division, Corps of Engineers, 
are engaged in a sediment investigation program  which is be­
lieved to be unparalleled, both in scope and in the nature of the 
study. The purpose of the work is to provide practical solutions 
to the sediment problems involved in the construction and op­
eration of the comprehensive program for flood control and water 
use in the Missouri River Basin. Specifically, the objective of the 
program is to explore the basic functions of sediment activity in 
streams and adapt them to practical usage in the solving of specific 
problems for controlling or utilizing sediment phenomena.
The entire history of the Missouri River and of works for its 
control has been dominated by sediment. W hen the Corps of E n ­
gineers was assigned the first general project for channel control, 
the basic tools utilized were the erosion, transportation, and depo­
sition of sediment. The channel was shifted into a predetermined 
position, moulded into proper dimensions and held in place by the 
construction of carefully planned permeable pile dikes which guided 
the flow, pushed the river into place by forcing erosion of opposing 
banks, and induced deposition of sediment behind the dikes to form 
the new bank lines and contain the flow. Material eroded from the 
original banks in one bend was transported by the river to form 
the new banks in a downstream reach.
The engineers who accomplished the earlier portion of this work 
knew little of sediment transport theory, but with experience they 
gained a practical qualitative knowledge which enabled them to 
recognize and predict the occurrence of many sediment phenomena. 
I t  also gave them an appreciation of the need for fu rther knowledge 
and led to the first general sediment study of the Missouri River, 
which was accomplished during the period 1928-1931 in connection
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with a comprehensive investigation of the Missouri River for flood 
control and water use. This study provided invaluable groundwork 
for determination of the nature and scope of the sediment aspects 
of river control, and permitted planning and construction of the 
present projects for flood control and water use to proceed with­
out delay. I t  also established the necessity for further specific in­
vestigations and identified the character of the studies needed.
I t  was with this background of sediment experience that plans 
were laid for a detailed program of study in connection with the 
design and construction of Corps of Engineers projects in the com­
prehensive basin plan. Since the basic sediment functions involved 
were common to all the projects and, particularly, since the effects 
of several m ajor projects on a single stream would be overlapping, 
the first step was to set up a strong organization which would be 
explicitly coordinated under a single administration to insure full 
development of the study and to prevent duplication. A sediment 
section was established in the Missouri River Division Office, with 
a similar group in the office of each District within the Division. 
Control of the planning and execution of all phases of the work 
was centered in the Division Office. Physical surveys are assigned 
individually to Districts, with correlation between Division and 
D istrict offices in planning the work, interpretation and correlation 
of data, and the dissemination of results. Functional studies are 
generally accomplished in the Division Office, bu t portions are as­
signed to Districts in accordance with specially qualified personnel 
available. An advisory board of specialists in the field of sediment 
was set up for consultation collectively or individually for aid in 
m aintaining an intelligent and balanced program and for advice 
in specific problems.
An analysis of the problems to be anticipated revealed that they 
can be almost entirely classified under the dynamics of sediment 
movement. The formation of reservoir deltas and possible aggrada­
tion in the backwater reach above results from deposition as the 
power of the stream to transport sediment is reduced. Degradation 
downstream depends on the ability of the stream to erode the bed 
and banks and to transport the eroded material, and, finally, the 
regimen of the stream in its lower reaches will depend on the ability 
of the regulated flows to transport the sediments brought in by 
tributaries. All these items may be of greater or lesser importance, 
depending upon conditions existent on a given stream. On the
http://ir.uiowa.edu/uisie/34
Missouri River each of these phases is im portant, although the prob­
lems arising from degradation appear to be most critical.
Actually, the Missouri River does not carry  a very heavy con­
centration of sediment, its tawny appearance being the result of 
light reflected from the fine silts and clays which form more than 
70 percent of the suspended load. Concentrations of suspended 
sediment during normal flows average about five grams per liter 
(5000 parts per million). D uring moderate flood discharges con­
centrations may reach twenty grams per liter, but with larger floods 
the proportion of sediment decreases again, particularly  if the flow 
is derived from snowmelt. During the unprecedented flood of A pril 
1952, the concentration of suspended sediment at Omaha, Nebraska, 
was less than 5 gpl, and during the flood of Ju ly  1951 at Kansas 
City was less than 10 gpl. The problem of loss of reservoir storage 
is not nearly as acute on the Missouri River as it is on many other 
streams. The major sediment problems arise from the fact tha t the 
Missouri River is an alluvial stream with strong tendencies toward 
meandering and an unstable channel in its natura l state. The river 
flows over an alluvial fill varying up to more than 100 feet in depth.
Once the nature of the problems to be encountered had been clari­
fied, it appeared evident that existing knowledge of sediment phe­
nomena was inadequate for their solution and that a completely 
new attack was required. Several formulae for computation of bed 
load movement had been developed by various individuals, and 
there were several excellent references on transportation of sus­
pended load, but these were based prim arily on flume tests and 
on fluid mechanics analyses, in which the extraneous influences of 
cross currents, meanders, and other phenomena of natura l streams 
could not be taken into account. The adequacy of these formulae 
and theoretical concepts for application to natural streams had 
not been established. I t  was decided, therefore, that an investigation 
for the solution of problems in natura l streams should logically be 
directed toward a study of the application of existing knowledge 
of transport and a derivation of additional knowledge as necessary 
to make such application successful. I t  was also believed that de­
tailed observations of phenomena occurring at existing projects 
should be made both for application to the theoretical analyses and 
for qualitative application. The program was thus planned in four 
general phases (1) sampling to obtain more data on sediment loads 
and to provide data on sediment characteristics, (2) a review of
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data from existing projects, (3) detailed observations of phenome­
na occurring a t existing projects, and (4) investigation of funda­
mental transport theory and formulae. There are, of course, inter­
relationships between these phases which require explicit correla­
tion to insure that each portion of the study provides all necessary 
data without duplication.
In  planning the sediment-sampling program, consideration was 
given to prior sampling programs as well as future. The earliest 
regular sampling, accomplished during the study of 1928-1930, was 
designed prim arily  to provide data on total suspended load, al­
though many samples were analyzed to determine distribution of 
sediments within the sample. The samplers then available were 
probably not very accurate insofar as the sand load was concerned, 
but were adequate in the silt and clay range. Since the sands proved 
to be less than one-fourth of the total suspended load, any error 
involved in tha t fraction would not be im portant in total suspended 
load values. The sampling period of slightly more than two years 
was not adequate, however, so in 1937 and in ensuing years numer­
ous stations were established to augment the total suspended load 
data. Improved sampling techniques, which were somewhat more 
accurate in sampling sand sizes, were developed, but emphasis re­
mained prim arily on total suspended loads. Altogether, at the in­
ception of the present expanded investigation, there were available 
records from stations at critical locations for periods up to 12 years, 
not enough to develop firm average values, bu t adequate to provide 
indexes from which reasonable averages could be developed.
The availability of these prior records made it unnecessary to 
concentrate on record stations, and thus permitted a high degree 
of flexibility in continued station operation. Stations at critical lo­
cations were retained, both to extend the total suspended load rec­
ord and to provide data on sediment characteristics. Some stations 
at less critical locations were dropped; new stations were added to 
broaden the range of inform ation; and a group on the Missouri 
River and near the mouths of major tributaries were designated 
for intensive observation for transport studies and for control data. 
About one-half of the 74 stations initially set up were intended only 
to provide short-term records which could be extended by reference 
to index stations. They were operated during the first three years 
of the program, and have now been suspended so that efforts may 
be concentrated on investigations of transport fundamentals.
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The second phase of the program, the review of available data 
on existing reservoirs, was disappointing. There are numerous sur­
vey data available, bu t most of the surveys were made solely to 
measure loss of storage. They provide very few data on delta for­
mation, backwater deposits, degradation, or characteristics of the 
original channel and bed material. In  addition, very few existing 
reservoirs are located on streams having the alluvial characteristics 
of the Missouri River. By far the most valuable information from 
such projects was obtained visually during a reconnaissance of a 
group of southwestern reservoirs a t a time when pool levels were 
unusually low and a thorough inspection could be made. Results 
of this reconnaissance are presented in the paper by Mr. A. S. H a r­
rison contained in this volume.
The th ird  phase, observation of phenomena occurring at existing 
reservoirs, provided some disappointments, but has generally 
yielded data of considerable value. A typical disappointment was 
met in an attem pt to measure total load at a small channel reser­
voir which is flushed frequently and thus appeared to oifer an ex­
cellent opportunity to check bed load movement. U nfortunately the 
accuracy with which the pool could be surveyed in the limited time 
available before and after flushing was sadly short of requirements.
A much more successful study is that of the degradation below 
F ort Peck Reservoir. A few ranges were established in the reservoir 
area and in the river downstream prior to completion of the p ro j­
ect, from which were obtained data on original conditions. As soon 
as the sediment program was initiated, these were supplemented 
by additional permanent ranges which are fu rther supplemented 
by temporary ranges maintained at approximately one-mile in ter­
vals in the reaches where deposition or degradation is currently 
active. Since sediment inflow into F o rt Peck Reservoir is very light, 
sediment accumulations are insufficient as yet for accurate measure­
ment except in limited areas, but the results obtained from detailed 
observations of degradation have provided extremely gratifying 
data on the formation of bed armor and degradation barriers.
Initially, the degradation observations consisted of biannual ob­
servation a t 'th e  ranges with surface samples of the bed material 
taken at three points on each. These observations gave a measure 
of the volume of material removed by degradation and a picture 
of variations in river bed level, but gave little information as to 
the factors controlling the degradation. The bed samples were very
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erratic, possibly showing fine sand for a given range at one time, 
coarse gravel on the next survey, and medium sand the next. One 
or two ranges appeared to indicate a rise and fall over a certain 
portion of the bed, as if sand bars were moving across them. Dr. II. 
A. Einstein, one of our consultants, noted this behavior, and sug­
gested a more detailed inspection of the river bed. I t  was this sug­
gestion that led to our most successful observations.
The F ort Peck District personnel had developed a scoop-type 
sampler which had a spring mounted cover and which was mounted 
on a long handle. W ith this sampler excellent samples could be 
taken rapidly in water up to 15 feet in depth, so that large num­
bers of samples could be obtained economically. A group of sam­
ples taken at one of the fluctuating ranges showed the bed surface 
to consist of dense clay or shale on one side, gravel on the other, 
and sand near the center where the fluctuation had been noted. A 
check of several other ranges which had apparently stabilized 
showed either clay or gravel, while intermediate ranges which ap­
peared to be still active had bed surfaces of sand. W ith these data 
as guides, a complete reconnaissance survey was made of the river 
bed from the dam to the lower end of the reach to which degrada­
tion had extended. A map prepared from this survey showed several 
locations where either gravel or clay had been exposed to form local 
barriers to fu rther degradation.
One of these locations was at a range immediately downstream 
from the spillway outlet channel, which had been opened as a pilot 
cut and then perm itted to be eroded to full channel dimensions by 
the spillway discharge. This range had degraded sharply, then 
aggraded again to a level which has since remained fairly constant. 
I t  was noted that the period of aggrading had occurred during the 
time the spillway channel was being eroded, and that the bed sur­
vey showed a long curving tongue of gravel extending across the 
river from the mouth of the spillway channel. These gravel barriers 
were unusually interesting, because no information indicating any 
extensive gravel deposits had been obtained either during the con­
struction period or subsequently. A review of the data from founda­
tion and borrow-area investigations showed widely scattered 
lenses of gravel, seldom more than a few feet in thickness and a few 
hundred square feet in area. One employee recalled that the spill­
way pilot channel had cut through such a lens near its mouth. These 
small, widely scattered gravel lenses, together with a few clay or
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shale outcrops, have been surprisingly effective in controlling degra­
dation.
A fter these data had been developed, the study was extended to 
include sub-surface as well as surface investigations of bed m ateri­
als in the river downstream from the present limits of degradation. 
Core borings were found to be too expensive for extended coverage, 
and other available means of subsurface sampling were inadequate 
in the water depths encountered; but the ingenuity of F o rt Peck 
personnel again provided a solution. A je t probe was made of one- 
inch pipe with a flexible hose leading from a small gasoline-powered 
pump mounted in an outboard-motored skiff. This probe went 
through sand readily but was stopped by gravel or clay. Gravel was 
identified readily by the characteristic “ r in g ”  when struck by the 
probe, while clay was equally easily identified by the “ feel” . A 
few checks by core borings verified the interpretations of the prob­
ing. All locations which have subsequently been exposed by the flow 
as degradation barriers and a number which wTill be exposed in the 
future were readily identified in advance.
An interesting situation was noted a t one reach. Here a loop of 
the river is perched on a shale shelf, which forms an excellent degra­
dation barrier. This shelf does not extend across the neek of the 
loop, however, and if a cut-off occurred there the flow would en­
counter only sand. Since there is a sharp drop in the bed profile at 
the lower end of this loop, a cut-off would result in several feet of 
additional local degradation. A t this location, neither the cut-off 
nor the degradation would be important, but, in a similar situation, 
should it be desirable to prevent fu rther lowering of the profile, 
advance knowledge would permit steps to prevent any possible 
cut-off and to hold the stream on the shelf.
A similar study is underway at the Kanopolis Reservoir in K an­
sas, but the period of operation there has not yet been long enough 
to provide much information. The bed material of the channel down­
stream is a mixture of sand with some gravel. Maximum degradation 
for the maximum release to be expected appears to have occurred 
at the first downstream range. A check of critical bed-load transport 
at the presently existing slope at tha t range and maximum dis­
charge experienced to date indicates that the largest material which 
will be transported is about 0.75 mm., and that the amount of larger 
material available in the present bed would be almost enough to 
form a thin protective layer over the bed. This check may be merely
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fortuitous, because the length of reach used for the computation 
was too short to be really conclusive and the conditions at that range 
are complicated by shale slabs remaining from the construction. 
However, the case is illustrative of one of the phases of the investi­
gation which will be extended as data become available. Studies of 
bank caving, tem perature gradients, water quality, and possible 
density currents at both F o rt Peck and Kanopolis Reservoirs offer 
considerable promise, but have not yet progressed sufficiently to 
w arran t description. Similar studies are being initiated at the H ar­
lan County Reservoir and will be started elsewhere as other reser­
voirs are completed. Sediment ranges for observation of reservoir 
sedimentation, aggradation, and degradation will be established 
and surveyed at all Corps of Engineers reservoirs within the Mis­
souri River Basin and adequate samples to define the original bed 
characteristics will be obtained prior to completion of the projects.
The fourth  general phase, investigation of transport theory, can­
not be described extensively at this time, since the work has only 
recently entered the most active stage. In  this phase, extensive field 
measurements are being made to obtain data both to check the ap­
plication of transport theory to natura l streams and to develop 
new concepts. Laboratory flume experiments are being conducted 
in coordination with this work.
The first step was a computation of anticipated degradation and 
aggradation in order to explore the procedures. The reach selected 
for study extended from one dam to the head of the next down­
stream reservoir in the system, thus including degradation, aggra­
dation, and delta formation in a single study. The formula adopted 
for this study was the bed-load formula of Dr. L. G. Straub, an 
adaptation of the Du Boys formula. As the work progressed, it ap­
peared tha t the results would be acceptable approximations, but 
assumptions as to channel characteristics, selective erosion and 
deposition of various sizes of materials, and numerous other factors 
were required at every step. The identification of these assumptions, 
however, formed one of the bases for planning the continuing in­
vestigation.
I t  was evident, for instance, that in the use of a formula of this 
type, explicit information on the transport characteristics of the 
material and on the selective movement of various materials was 
essential and that it could be obtained only by controlled labora­
tory tests. Accordingly, a contract was made with the University
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of Minnesota for laboratory flume tests to be made under the di­
rection of Dr. Straub, in which material from the bed of Missouri 
River is being utilized. These tests are still underway and cannot be 
discussed at this time, but recent developments have shown a pre ­
viously unexplored variation of bed material movement with 
changes in the bed form. I t  is anticipated that the tests will be ex­
tended to include a thorough investigation of this phenomenon, 
which is expected to be a very im portant phase of the anticipated 
aggradation and degradation.
At the same time a study was undertaken of the formulae of Dr. 
H. A. Einstein. A contract was made with the University of Cali­
fornia for a flume test under Dr. E instein’s direction to explore 
the sortings of materials in a degrading bed, the armoring of the 
bed by non-moving particles, and the continuing relationship be­
tween material remaining in the bed and that being moved. This 
test developed important information on the manner in which par­
ticles capable of being transported by a given flow are removed 
from the bed and the non-transportable particles left to form an 
armor. I t also developed that armoring against a given flow is ef­
fectively accomplished if a layer of non-transportable particles one 
particle thick covers approximately 60 percent of the bed surface.
A further disclosure of this test was the fact that deposition u n ­
der conditions of aggradation involved an additional element, p ri­
marily because a portion of the material normally identified with the 
bed will continue into the aggrading reach as wash load. A further 
test to explore this aggrading phase is now underway at the Univer­
sity of California.
While these laboratory tests were being undertaken to resolve 
problems which could not be studied in the field, field tests were 
initiated to investigate the problems which could not be answered 
either by theory or in the laboratory. These field investigations are 
considered to be the most im portant phase of the program. They 
are designed to explore the factors involved in the movement of 
sediment in a stream with all its attendant complications of three- 
dimensional flow as contrasted with the two-dimensional flow of the 
laboratory flume.
These tests were planned with the understanding that it would 
ultimately be necessary to adopt average values for relatively long 
reaches in order to avoid the necessity of accounting for numerous 
individual local phenomena. I t was planned to make detailed meas­
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urements of all factors affecting both the hydraulics of the flow and 
the transport, and to analyze these data in correlation with avail­
able theory and results of laboratory tests. A few preliminary 
checks proved, however, that it would be necessary to isolate many 
local phenomena before they could logically be combined. Checks 
also showed that it would be necessary to make the study in an 
open reach of river ra ther than one complicated by bridge piers. 
Accordingly, a 10-mile river reach in the vicinity of Omaha, Ne­
braska, was selected for study. This reach was comparatively 
s tra ig h t; in fact, a portion several miles in length was probably 
the most nearly straight reach available along the river. The plan 
of operation was to begin with the observation of single vertical 
lines in a section of the straight reach, and thence to proceed to the 
longer reach. The final stage will be the consideration of a long 
reach containing a typical meander pattern.
W ork on the first stage has been underway for about one year. 
I t  was necessary to provide a boat from which samples, velocity 
measurements, soundings, and other data could be obtained, and 
to outfit the boat with the special equipment required, such as a 
sonic sounder for rapid  depth determinations and booms for han­
dling current meter and sampling equipment. Several experimental 
runs were required to develop techniques for holding the boat in 
position and to determine the optimum time required for each ve­
locity measurement to secure representative results. Each set of 
observations is carefully planned in advance.
Results of the observations to date have verified the logarithmic 
distribution of velocities and sediment in stream verticals in ac­
cordance with early conclusions of Dr. H unter Rouse. They also 
tend to support the conclusions of Dr. V. A. Vanoni, which are de­
scribed in another paper in this bulletin. They have shown posi­
tively that the exponential functions involved in formulae for the 
vertical distribution of velocities and sediments cannot be estab­
lished solely on the basis of the two-dimensional analyses from 
which these formulae were derived. I t  appears certain that the use 
of these formulae in natura l streams will require the determination 
of factors representing the effects of three-dimensional flow, and 
the results of the work to date offer promise of a successful conclu­
sion.
In  planning the overall sediment investigation it was anticipated 
that laboratory work, other than that to be accomplished in hydrau-
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lie laboratories, would be restricted to sample analyses. However, 
as soon as emphasis had been shifted to studies requiring mechani­
cal analyses of the sand fractions, it was found that available means 
of analysis were inadequate. The bottom-withdrawal tube, which 
has been generally adopted in sediment laboratories, proved to be 
reasonably accurate insofar as particles smaller than about one- 
fourth millimeter were concerned, but was too erratic in analyses of 
particles larger than one-quarter millimeter to perm it its use for 
specific studies. A number of other methods for direct determina­
tion of fall velocities were tried, but none proved successful in the 
desired range. The use of sieves was tried  and temporarily aban­
doned because of the difficulty of accurately weighing small frac­
tions. A microscopic method which proved to be accurate and rea­
sonably rapid was developed, but shortly thereafter it was recog­
nized that the use of sieves would be satisfactory if an accumula­
tion curve was plotted from the sieve fractions, thus compensating 
for errors in weighing. A fter thoroughly checking this method 
against microscopic counts, it was adopted because of the speed and 
economy involved. I t  is necessary to convert sieve diameters to 
equivalent fall velocities for transport studies, and a correlation 
curve was developed for the material found in the transport study 
reach by timing the fall of a number of individual particles.
Fall-velocity tests were made on samples from 10 different sources 
to determine the magnitude of error which would be involved in 
using an average correlation curve for conversion of sieve diameters 
to fall velocity. The error in the use of this average curve, trans­
lated into the resultant errors in transport computations, proved 
too large to be acceptable; an analysis of the data from the tests 
indicated that the variation in fall velocity was probably due solely 
to the shape of the grains. A t that point Dr. M. L. Albertson provi­
dentially mentioned that several theses had been prepared at the 
Colorado Agricultural and Mechanical College on the effect of shape 
on fall velocity, and that he was anxious to complete the range of 
these studies and combine them into a report. In  view of the im­
portance of this work to the sediment program of the Corps of E n ­
gineers, a contract has been arranged for its completion. This work 
is summarized in a paper by Dr. Albertson which is also p a r t of 
these proceedings.
One of the most serious problems involved in the sediment study 
has been the employment of qualified personnel. The trend  of the
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program  and the results obtained to date leave little doubt that a 
competent sediment engineer must be well grounded in fluid me­
chanics. This problem is being partia lly  solved in the present pro­
gram by organizing night classes at a local university for training 
available personnel. In  another instance the student who conducted 
one of our flume tests was employed as soon as the test was com­
pleted. The importance of sediment in river control and similar 
work is rapidly becoming recognized, and the field should offer an 
attractive fu ture for young engineers. I t  is, however, no longer a 
field in which random sampling programs can be conducted p ri­
marily to provide filler for file cases. I t  is a subject which must be 
intelligently studied by properly qualified individuals and directed 
toward specific purposes.
D i s c u s s i o n
Mr. Smallshaw indicated that the principal interest in sediment 
in the Tennessee Valley is its effect on the storage capacity of the 
reservoirs. The beds of the Tennessee River and its tributaries are 
for the most part well armored, usually by solid rock or gravel, and 
not subject to degradation. The 630-mile length of the main stem 
is in slack water and the problem of maintaining a navigation chan­
nel is not serious. A few minor deltas have formed at the mouths of 
tribu tary  streams. Scattering bank caving has occurred in the up­
per reaches of Kentucky Reservoir, probably the result of satura­
tion by high flows, followed by sudden withdrawal.
The effect of local barriers, he continued, is of considerable in­
terest. A knowledge of the location and elevation of these barriers 
would permit a more accurate prediction of the extent of degrada­
tion. Such knowledge would be most useful to dam designers in the 
location of d ra ft tubes.
Mr. Smallshaw expressed his regret that Mr. Bondurant had not 
expanded his discussion of use of suspended sediment data in pre­
dicting loss of life of reservoirs. He also asked what length of rec­
ord of suspended sediment is considered necessary to give a good 
average of total suspended loads.
Mr. W arner expressed his surprise at the low concentration 
of sediment in the Missouri River. Observations in the field indi­
cate tha t apparently  some of the tributaries, for example, the White 
and Grand Rivers, at times carry large sediment loads. He asked 
about the relationship of the sediment in the tributaries to that in
http://ir.uiowa.edu/uisie/34
the main river, and whether there is a relation between sediment 
loads in the Missouri River and the seasons.
Mr. Bondnrant replied that the Corps of Engineers does operate 
sediment sampling stations on the main tributaries as well as on the 
river and that records are being compiled to show the relation of 
sediment movement. Studies are also being conducted on the rela­
tion of sediment movement in the river to the seasons.
Mr. Moore called attention to the movement of some sediments 
through reservoirs as density currents and raised the question of 
the magnitude and nature of this movement and the probable ef­
fect on the movement below the reservoir.
Mr. Bondurant replied tha t the density currents are composed 
of extremely fine sediments, probably a fixed isotropic jell, derived 
from the movement of clay materials. He was of the opinion that 
the movement of such materials would require a slope of at least 
1 inch per mile (.000016).
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THE TECHNIQUE AND A PPLIC A TIO N  OP HYDRAULIC 
MODEL STUDIES INVOLVING MOVABLE BEDS
By
E r n e s t  B. L ip s c o m b  
Waterways Experiment Station, Vicksburg, Mississippi
Improvement and maintenance of the navigable waterways and 
harbors of this nation are among the most im portant civil func­
tions and responsibilities of the Corps of Engineers. Exclusive of 
the Great Lakes, there are more than 27,500 miles of navigable 
inland waterways in the United States. Over this vast network move 
daily millions of tons of raw materials and finished products highly 
essential to the life of this country.
Large portions of these waterways are natu ra l streams which 
transport sediment derived from the erosion of soil and rocks in 
their drainage basins, and, in turn, permit sedimentary deposits to 
form in places where the transporting capacities of the streams are 
locally decreased. Wherever the processes of sedimentation reduce 
the project navigation depth, or tend, as a secondary effect, to shift 
the channel locations, the Corps of Engineers is immediately con­
fronted with a maintenance problem. The importance of such prob­
lems is demonstrated by the fact that each year some 25 or 30 mil­
lion cubic yards of sediment are dredged from the stream channels 
at a cost of about $50,000,000. The need for reducing this yearly 
maintenance cost is obvious, and, therefore, the various federal 
agencies concerned are utilizing all available engineering knowledge 
toward preventing sediment from depositing in undesirable loca­
tions. I t  is at this point that the small-scale hydraulic model enters 
the picture as an adjunct to the best available theory and practical 
experience in the solution of this problem.
Sedimentation problems which have been investigated by means 
of hydraulic models at the Waterways Experiment Station can be 
roughly divided into two g roups: the first consists of problems 
caused by bed-load movements, the second of problems caused by 
deposition of suspended silts. Problems caused by bed-load move­
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ment occur for streams having stable banks as well as for streams 
having easily eroded banks, and problems of silt deposition arise 
for fresh-water or salt-water rivers or harbors. Of course, there are 
some problems which are created by a combination of both these 
phenomena. A typical example would be the delta formation at the 
head of a reservoir. Space does not permit a discussion of each of 
these categories, so the topic for discussion selected is the models 
involving bed-load movement.
The designation “ movable-bed model”  lias been adopted for 
model investigations in which changes in channel configurations are 
the predominant element to be reproduced. In  the design of these 
models careful consideration must be given to the selection of model 
scales and of a bed material which will result in bed movement of 
a nature generally similar to that found in the prototype. Compu­
tation of the proper time scale and certain other scale ratios in such 
a model is impossible, largely because practical considerations do 
not permit the application of such relationships to available and 
usable movable-bed materials. In  other words, a model bed material 
cannot be reproduced to scale as it would then be too fine. Unfor­
tunately, the choice of a bed material is ra ther limited because of 
tlie scarcity of materials possessing all the qualities required. Com­
monly used materials are sand, haydite, coal, and plastics, listed in 
the order of decreasing specific weights. Distortion of the linear 
scale ratios in models of this type is often found necessary and de­
sirable, for through this means the longitudinal slopes can be ex­
aggerated, thus supplying the additional energy needed for suffi­
cient bed movement. However, the distortion should be kept low, 
for excessive exaggeration will tend to upset the general flow regi­
men. There are no set criteria or standards for selecting the proper 
scales and bed m aterial; the only prerequisites are that the designer 
have a thorough working knowledge of the hydraulic and hydro­
graphic characteristics of the prototype and experience in the field 
of movable-bed hydraulic models. Verification of a movable-bed 
model is one of the most im portant phases of the study, in that the 
accuracy of the test of any improvement plan is commensurate with 
the accuracy of the model-prototype conformation. The verification 
of a model of this type is simply a cut-and-try process of adjusting 
the hydraulic quantities such as slopes, discharges, etc., and vary­
ing the model operating technique until the model reproduces 
changes in bed configurations which are known to have occurred in
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the prototype in corresponding intervals of time. Perhaps a better 
insight into the nature and application of movable-bed models can 
be had through the discussion of a few typical examples.
M o v a b l e -b e d  M o d e l s  H a v in g  S t a b l e  B a n k s
During the past 10 to 15 years a number of model studies involv­
ing movable beds and stable banks have been conducted at the 
Waterways Experiment Station. They include, among others, stu ­
dies of navigation problems in such localities as Dogtooth Bend, 
Boston Bar, Swiftsure Towhead, and Greenville Bends in the Mis­
sissippi River and Priors Island in the Ohio River. The basic prob­
lem in nearly all of these studies was the reduction of the volume 
of dredging required to maintain project depths in the navigation 
channel. Since various studies of this type have been discussed pre-
F i g . 1. M i s s i s s i p p i  R i v e r , M e m p h i s , T e n n . S o u t h w e s t  ( D o w n s t r e a m )  V i e w  
p r o m  O v e r  t h e  C i t y  S h o w s  B r i d g e s  a n d  H a r b o r  F a c i l i t i e s .
viously, a movable-bed study concerned with a somewhat different 
problem has been selected for discussion in this paper. The site at 
which this problem arose is in the vicinity of Memphis, Tenn.
Memphis is situated on the left bank bluff of the Mississippi River 
at the mouth of Wolf River (Pig. 1), which emerges from the hills 
at the northern limits of the city and flows in a southerly direction 
to its confluence with the Mississippi River on the Memphis w ater­
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front. Approximately 2 miles below the confluence of the two rivers 
the channel of the Mississippi River is divided by a large body of 
land known as P residen t’s Island. The main channel flows west­
w ard around the is land ; tha t portion of the river flowing eastward 
around the island is known as Tennessee Chute. The floodplain of 
the Mississippi River at Memphis is bounded by high natural bluffs 
on the east and by a main-line controlling levee on the west. For 
many years, Tennessee Chute ra ther than the west channel was the
F i g . 2 .  E l e m e n t s  o f  T e n n e s s e e  C h u t e  P l a n , M e m p h i s  H a r b o r  
M o d e l  S t u d y .
main portion of the river, and up to 1904 it carried the larger part 
of the low flow. However, in recent years only about 6 per cent of 
low and 30 per cent of bankfull flow have passed through the chute.
Currently, the harbor of the city of Memphis comprises the upper 
two miles of Tennessee Chute, two miles of the Mississippi River 
upstream therefrom, and the lower three miles of Wolf River. Sev­
eral years ago it became apparent that, although this area had been 
adequate for past harbor requirements, additional terminal space, 
free from the hazards of high flood velocities, would soon be re­
quired to meet the needs of expanding commerce. As a result of 
this foreseen need, a project known as the “ Tennessee Chute P la n ” 
to supplement present harbor facilities was proposed and is now 
under construction.
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This plan, as shown in Fig. 2, provides for an off-river harbor 
with provisions for adequate terminal and industrial sites having 
both flood protection and desired access to water transportation. 
Principal features of the plan are: (a) a closure dam at the head 
of Tennessee Chute, (b) an industrial fill 2,000 ft. wide extending 
about 4 miles down the east side of P resident’s Island, (c) a dredged 
harbor channel contiguous to the fill, and (d) protective works, such 
as revetment, dikes, etc., at the head of P residen t’s Island.
Since the installation of such a plan would completely close Ten­
nessee Chute, thereby forcing all flow through the main channel 
of the river, engineers concerned with the project were confronted 
with a serious problem. I t  was anticipated that, if a m ajor flood 
were to occur immediately after completion of the closure dam at 
the head of the chute, flood stages at and upstream from Memphis 
would be considerably increased; current velocities in the main 
channel would be greater, thereby subjecting the revetted right 
bank of the main channel to heavy current attack; the channel 
would be deepened by scouring, and the scoured material might 
cause shoaling at critical points. Also, the point of attack might be 
shifted upstream or downstream from the existing revetment.
The multiplicity of the questions raised and the interrelation of 
controlling factors presented a complex problem. In  view of the ob­
vious difficulties confronting any attem pt to determine answers to 
all the questions by normal analysis, a model study was deemed 
appropriate. In addition, it was thought that a model study might 
indicate revisions to the proposed plan which would increase its 
overall efficiency at lower costs.
The model (Fig. 3) was a reproduction of 23.0 miles of the Mis­
sissippi River from 8 miles above to 15 miles below Memphis and 
all area subject to overflow. Linear-scale ratios selected for the 
model were 1 :600 horizontally and 1 :150 vertically. Banks and over­
bank areas were molded in concrete, whereas the stream bed was 
simulated with crushed coal. Provisions were made for reproducing 
any desired discharge hydrograph and for setting proper flow lines 
in the model. The operation of the model was divided into two dis­
tinct phases: first, the adjustm ent of the model and verification of 
its accuracy; and second, the development and testing of the pro ­
posed plan.
As previously stated, the verification of a model is a highly im­
portant phase of a movable-bed study, especially since the validity
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of such a study rests upon the results of this procedure. Verification 
of the Memphis H arbor model followed the generally accepted pro­
cedure of progressively adjusting the time scale, slope, bed load, 
and roughness by tria l and error until the model reproduced ac­
curately the changes in channel configurations which were known 
to have occurred in the prototype river during the two-year period 
between November 1935 and September 1937. This period was 
chosen because it included both extreme low and high flows and
F i g . 3 . M e m p h i s  H a r b o r . M o d e l , N a t u r a l  C o n d i t i o n s .
because a complete prototype hydrographic survey was made just 
prior to and immediately following tha t period. Prototype dredging 
was simulated in chronological order by the manual removal and 
redeposition of material in accordance with furnished dredging 
records and surveys. Bed material was introduced just above the 
movable-bed section to simulate prototype bed-material being moved 
into the problem reach. A fter completion of each trial verification 
test, a survey of the bed was made and compared with the Septem­
ber 1937 survey. Results of the comparison were analyzed and ad­
justments were made in the variable components previously men­
tioned. This trial-and-error procedure was repeated until a satis­
factory simulation of prototype conditions was obtained.
The model verification fixed the procedure for all subsequent tests 
of improvement plans, and this procedure was repeated exactly 
during all tests. Thus, the results of each test in the model were 
directly comparable to the results of all other tests.
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Initial tests of the basic plan (Fig. 4) indicated the need for 
some alterations in the location of the closure dam and to the dike 
protecting the industrial fill at the head of P residen t’s Island. In  
all, five revisions were made to the original design before a satis­
factory plan was developed. However, as mentioned earlier the de­
velopment of the plan was only p a r t of the problem. Other signifi­
cant results indicated that installation of the complete Tennessee 
Chute plan would (1 ) increase flood heights at Memphis about .‘5.2 
f t  for a flood of the magnitude of the 1937 flood, (2) increase shoal­
ing on the bar opposite the Engineer Depot, above the closure dam, 
and at the upper end and in the navigation entrance to Tennessee 
Chute, and (3) increase maximum channel velocities in the main 
channel by from 30 to 50 percent.
The actual construction of this project is now underway in ac­
cordance with the design finally developed in the model study. The
P i g . 4 .  M e m p h i s  H a r b o r . M o d e l , I m p r o v e m e n t  P l a n  I n s t a l l e d .
closure of Tennessee Chute was completed last January , the pro­
tective works at the head of P resident’s Island have been completed 
and the construction of the industrial fill is progressing.
M o v a b l e -b e d  M o d e l s  H a v in g  U n s t a b l e  B a n k s
Model studies of bed-load movement in rivers with stable banks 
have been conducted quite successfully for many years through the 
simulation of the sand bed of the river by means of such materials
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as crushed coal, haydite, etc. However, a study of changes in a 
river involving unstable caving banks has never been undertaken. 
Such a study would require the reproduction not only of the bed­
load movement, but also of vertically standing, yet undermined and 
sloughing banks. Furtherm ore, a caved bank must become normal 
bed-load after the washing away of the fine silts and clays which 
give a cohesiveness as a standing bank; and, further to complicate 
the problem of modeling a meandering reach of the river, the ma­
terials making up the banks of a natura l river are far from homo­
geneous, varying from erosion-resistant clay to almost pure sand.
Foreseeing the need for such a model in the planning and execu­
tion of their channel stabilization program, the Mississippi River 
Commission, Corps of Engineers, requested the W aterways Experi­
ment Station to “ develop a model, and model operating technique, 
which can be used to predict fu ture channel and bank changes with­
in any troublesome reach of the prototype river. ’ ’
The first step in the developmental program was a search for a 
g ranular material which would behave properly as model bed load, 
and for some binding agent which could be mixed with the granular 
m aterial in such amounts as to form caving banks with controllable 
degrees of erodibility. Experimental tests were conducted in small 
curved flumes of sheet metal to determine the erodibility factors 
of around 175 different mixtures involving about 40 to 50 different 
binding agents. In  these tests the extents of bank recession and the 
volumes of material scoured were measured to establish factors of 
erodibility which would express the relative resistance of the various 
bank materials to erosion.
From  experience gained on previous movable-bed model studies, 
a bituminous coal was selected as one of the most promising ma­
terials to be used as a basic granular material in the model bed and 
bank. Tests were made on such materials as flour, alcohol, fine coal 
dust, castor oil, shellac, bentonite, plaster, lime, gelatin, corn meal, 
and cottonseed meal in the search for a proper binding agent. A 
few of these binders, such as cottonseed meal, shellac, plaster and 
castor oil, produced, if mixed with crushed coal, erodible-bank mix­
tures which appeared to be promising.
Once several promising materials had been obtained, steps were 
undertaken to design and construct a flume in which a model oper­
ating technique for reproduction of movable-bed, erodible-bank 
characteristics of the prototype could be actively developed. To this
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R e a c h  U n d e r  S t u d y .
end a flume was constructed of sufficient size to accommodate a typ i­
cal caving reach of the Mississippi River. The reach selected was 
Concordia-Scrubgrass shown in Fig. 5. The linear scale ratios se­
lected were 1: 400 horizontally and 1 :100 vertically, but design of 
the flume was such as to permit varying the vertical scale and re ­
sultant distortion within practicable limits.
Actually the study was not concerned with any problem in the 
Concordia-Scrubgrass Bends. This reach was selected only because 
it was considered to' be generally representative of a relatively short, 
unstable reach containing considerable bank caving which had not 
been greatly affected by revetments and other man-made structures. 
Also, the banks in this region of the river are composed of a va­
riety of different types of materials. In  order to provide a corre­
lation between these materials and the model bank materials, a soils 
exploration survey was made to establish definitely the types of ma­
terials in the Concordia-Scrubgrass reach.
The 1941 and 1948 surveys were the only complete surveys availa­
ble at the time model operation was started. Therefore, tests were 
conducted to verify in the model changes occurring in the proto­
type during that period. Numerous difficulties were encountered in 
the initial trial-verification tests. An aggraded and braided chan-
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nel was the result of each test because of the inability of the model 
to transport the bank material as fast as it was eroded. In  addition, 
difficulties were encountered in eroding the large convex bar on the 
main bend of the model. Efforts to overcome some of these difficul­
ties included varying the water-surface slopes, discharges, and re­
sistance and types of bank materials at several locations in the 
model, and increasing the specific gravity of the model fluid in an 
effort to increase bed movement. I t  was recognized that there were
F i g . 7. C o n c o r d i a - S c r u b g r a s s  B e n d , L o c a t i o n  a n d  C o n c e n t r a t i o n  o f  
B i n d e r  M a t e r i a l .
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certain shortcomings in using such a long period for verification, 
namely, that the time element was much longer than  ordinarily 
used on verification, and there was a complete absence of any in ter­
mediate field data which could be used in the model adjustment. In  
view of these shortcomings, steps were taken to secure a 1949 sur­
vey with accompanying current directions and velocity data which 
could be used in the verification of the model. This survey was re ­
ceived and the verification period changed from the longer period 
originally used to the shorter period between the surveys of March 
1948 and February  1949 (Fig. 6).
Verification of the Concordia-Scrubgrass reach was then resumed.
F i g . 8 . C o n c o r d i a - S c r u b g r a s s  M o d e l  S t u d y , M o d e l  M o l d e d  t o  1 9 4 8  P r o ­
t o t y p e  S u r v e y  a t  B e g i n n i n g  o p  V e r i f i c a t i o n  P e r i o d .
Because of the difficulties encountered in the earlier trials as a re ­
sult of the number of variables which had to be changed in each 
test, the decision w7as made to approach the verification in two sep­
arate steps. In  the first step the banks were made excessively re ­
sistant and “ eroded” manually at their proper rate and the hy­
draulic forces and bed-load feed were varied un til a satisfactory 
verification of channel changes was obtained. Having established the 
hydraulic forces, etc., necessary to move the bed material, the sec­
ond step consisted of varying the binder material in the banks to 
reproduce the rates of caving which had occurred in the prototype. 
Through this procedure, successful verifications of both bed and
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bank changes in the Concordia-Scrubgrass reach were obtained 
simultaneously. Verification of these changes can be seen from ex­
amination of Figs. 7-11.
Development of a technique for use in operating models having 
movable beds and erodible banks has only recently been completed 
and studies of actual river problems have not yet been made. How­
ever, it  is evident that this type of model will be invaluable in the 
p lanning of bank stabilization works. I t  can be used to determine 
whether any particular receding bank is likely to develop into a 
revetment problem or whether only minor bank recession will occur.
F i g .  9 . C o N co ~ D iA -S cR U B G R A S s M o d e l  S t u d y ,  M o d e l  a t  E n d  o f  V e r i f i c a ­
t i o n  P e r i o d  w i t h  C o m p a r a b l e  P r o t o t y p e  B a n k - L i n e  S u p e r i m p o s e d .
In  other words, this type model would indicate where and when to 
place revetment and other stabilization works in order to maintain 
the channel alignment desired.
D e v e l o p m e n t  R e s e a r c h
A developmental research investigation, perhaps not falling into 
the same category as the two previous examples, but nevertheless 
definitely allied to them, has recently been completed at the W ater­
ways Experiment Station. This investigation was sponsored by the 
Mississippi River Commission because of its desire to establish some 
of the basic principles of river meandering. Meandering, of course, 
refers to the continually changing, sinuous course developed by
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streams flowing through erodible alluvial sediments. Engineers have 
studied the meandering of na tu ra l rivers for many years, in the 
course of which many factual data have been collected. These data 
reflect with considerable accuracy the results of the r iv e r’s actions, 
but disclose little of the causes of these actions. The reason for this 
is that of the many interdependent variables that go to make up the 
riv e r’s equation not one can be so isolated as to permit cause to be 
distinguished from effect. I t  was the specific purpose of this investi­
gation to isolate the effects of the many variables entering the pic­
ture.
The streams studied were not modeled after any specific river but 
were typical of any river flowing through erodible alluvial sedi­
ments. Each test was started with a straight channel, in uniform 
sand, except for one bend at the entrance. Bed load was introduced 
in the same manner for all tests. In  each test only one variable was 
changed, all other conditions being identical.
Figure 12 shows the results of a test in which only the discharge 
was varied. Each photograph shows the meander pattern  after 6 
hours of model operation. I t  will be noted from an examination of 
these photographs that each rate of flow has a meander pa ttern  of
CLC£
ot-
o
LUcc a:Ld
0  1000 2 0 0 0  3 0 0 0  4 0 0 0  5 0 0 0  6 0 0 0  7 0 0 0  
DISTANCE IN FEET FROM BASE LINE
F i g . 1 1 . C o n c o r d i a - S c r u b g r a s s  M o d e l  S t u d y , C o m p a r a t i v e  C r o s s  S e c t i o n s  
S h o w i n g  M o d e l  V e r i f i c a t i o n  o f  C h a n n e l  C o n f i g u r a t i o n s .
http://ir.uiowa.edu/uisie/34
0.05 C.F.S. 0.10 C.F.S. 015  C.F.S.
F i g . 1 2 .  U .  S .  W a t e r w a y s  E x p e r i m e n t  S t a t i o n , S t u d y  o f  C h a n g e  i n  
D i s c h a r g e  o n  M e a n d e r i n g  S t r e a m s .
its own, and the higher the discharge the bigger are the bends. This 
finding bears out the general relationship observed in nature be­
tween small rivers and big rivers.
In  the next series of tests (see Fig. 13) all conditions were identi­
cal except for the slope. Again these photographs were taken after 
an equal period of operation (6 hours). The photographs show that 
as the slope was increased the sizes of the bends increased both in 
length and width. Cross sections of the channels of Fig. 13 are 
shown in Fig. 14. I t  will be noted tha t for the same angle of direct 
attack and discharge, the higher the slope, the shallower and wider 
was the resulting channel. Of course, this condition occurs only in 
easily erodible m aterial; had the banks been tougher the opposite 
trend  would have been noted.
In  the preceding tests, to learn the effects of changes in discharge
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and slope on the size of bends, the initial angle of attack on the 
alignment of flow into the channel was the same. This too is an im­
portant factor in determining the size and shape of bends. F igure 
15 shows photographs of the model after 6 hours of operation in 
which the angle of attack was changed from 30° to 45° and to 60°. 
Here again the same trends were noted as in the previous tes ts ; i.e., 
an increase in the angle of attack increases the tendency to meander.
To pin down more precisely the many variables affecting the me­
ander pattern, two tests resulting in Fig. 16 were run, in which the 
only variable was the relative toughness of the bank materials. This 
figure shows the results after identical hours of operation. The 
stream in easily eroded material meandered to a greater degree than 
did the other. Figure 17 depicts the cross sections of the channels 
at the apex of corresponding bends in the two streams of Fig. 16. 
The indications here are that resistant banks produce relatively
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deep narrow cross sections, whereas easily eroded banks produce 
wide, shallow cross sections.
In  conclusion, a few remarks made recently by Mr. R. A. Bagnold 
in a lecture given before the London and Home Counties Branch of 
the Institu te  of Physics are pertinent, as they ably summarize the 
present status of the small-scale, movable-bed model. Mr. Bagnold 
said: “ The engineer is frequently called upon to produce the ulti­
mate shape which the boundary — the bed — will assume when 
some proposed artificial change is made in its configuration else­
where, or when a change is made in the granular load carried by the 
flow. In  the present state of our knowledge these things cannot be 
calculated by applying any known physical principles. When an 
experimental model is made, known principles can be applied only 
to the fluid flow; none are known to apply to the moving grains. The 
material for the model is selected by past experience of what works 
best out of the limited range of substances readily available. No 
model material gives true similarity of behaviour, but again by
http://ir.uiowa.edu/uisie/34
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past experience it has been found tha t a certain distortion of the 
model scale gives results that can be interpreted to full scale. This 
empirical method of approach which is in the nature of a personal 
a r t  ra ther than a transm ittable science, though it is very slow, is 
surprisingly effective in the hands of a m aster.”
D is c u s s io n
Mr. Carlson complimented Mr. Lipscomb on his presentation and 
for the good examples of the use of hydraulic model studies involv­
ing movable beds, and commended the W aterways Experiment Sta­
tion for utilizing the movable-bed model as a tool for the solving 
of river sedimentation problems. He went on to say that the mova- 
ble-bed model is by no means a foolproof method for solving hydrau­
lic problems involving sediment transportation and deposition, but 
if used wisely it is invaluable as an aid to their solution.
Mr. Carlson contrasted two kinds of movable-bed models; (1) 
for large river reaches the model Mr. Lipscomb has described is a 
river model in which the length and width of the water section 
under study is usually great with respect to the depth, and for this 
reason the model scale is usually distorted in order to cause move­
ment of the bed material and to make gravity the controlling force; 
and (2) for a structure such as a diversion dam with a compara­
tively small headworks and sluiceway compared to the entire struc­
ture or river width, in which it is possible to model the headworks 
and sluiceway and a portion of the dam in order to study sediment 
distribution at those points. On streams carrying comparatively 
large loads of sediment, the problem is usually one of trying to keep 
the sediment intake into the canal as low as possible or low enough 
to have equilibrium sediment movement in the canal, in which case 
the same ra te  of sediment flow passes any section of the canal. In 
most cases it is difficult to reduce the sediment inflow to this quan­
tity.
F o r the second type model, he stated that it is impossible to utilize 
the verification principle because the answer is needed before the 
diversion dam is constructed, and because of the structure it is best 
not to use a distorted scale in order not to upset the flow and ve­
locity distribution of the prototype.
He concurred with Mr. Lipscomb’s statement that it is impossible 
to reduce the model sediment on the same scale as the model because 
sediment which moves as bed load in the prototype would move as
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suspended load in the model. He suggested a method of overcoming 
this difficulty by using the scale ratio of the settling velocities be­
tween model and prototype sediment as the scale criteria.
An important feature of movable bed models, Mr. Carlson con­
tinued, is maintaining a continuous sediment feed with the least 
amount of man handling. A special device, wThich was developed in 
the hydraulic laboratory of the Bureau of Reclamation for provid­
ing a uniform supply of sediment to a movable-bed model, consists 
of a sheet-metal hopper mounted so that the opening in the bottom 
is just above a pan on a vibratory-type feeder. The feeder is a trough 
or pan mounted 011 flexible leaf springs supported in a frame and 
vibrated at 60 cycles per second by an electromagnet. The magnet, 
which is energized by pulsating current, pulls the trough sharply 
down and back, then when the current is broken with a rectifier, the 
springs re turn  the pan up and forward to its original position. The 
re turn  is not as sharp as the downpull and the resulting motion 
causes material on the pan to move forward even when the pan is 
sloped upward. The feeder is equipped with a separate control sys­
tem, and can be arranged so that either dry  or damp sand can be 
fed satisfactorily. At the present time a model is being operated in 
which sand is fed with the type of feeder described. I t  can be run  
continuously day and night, which speeds up the time for reaching 
equilibrium and cuts considerably the time needed for the study.
He also mentioned an apparatus developed in the Neyrpic Lab­
oratory at Grenoble, France, in which an electronic circuit and a 
recording stylus are utilized to increase the speed of taking bed and 
bank elevations. A description of the apparatus is given in the April 
1952 issue of La Houille Blanche, the magazine published by the 
Neyrpic Laboratory.
Mr. Merkys of the University of Michigan complimented the au­
thor on the works of the Waterways Experiment Station, and urged 
that this great organization seek the basic causes of the various 
phenomena under study as well as the methods of making specific 
remedial works.
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THE TRANSPORTATION OF SAND IN P IP E S
I. FU L L -P IP E  FLOW  
By
J o h n  P. C r a v e n  
David Taylor Model Basin, W ashington, D. C .
Problems posed by the movement of granular materials by fluid 
media are encountered in many phases of engineering endeavor. 
The elimination of unwanted sediment from drainage systems, the 
dredging of channels, the suspension of catalysts in “ fluidized 
beds,”  and the transport of coal in pipe lines are just a few of the 
applications requiring a fundamental knowledge of the laws gov­
erning fluid-solid mixtures. The impetus for the investigation de­
scribed in this paper was provided by the problems arising in the 
design of drainage systems. The study was therefore limited to a 
small phase of the general problem. The results, however, are gen­
eral and should be useful to workers in these many related fields.
One of the most perplexing aspects of the design of drainage 
systems is with regard to the proper allowance to be made for the 
presence of sediments in the flow. Too often undesirable but un ­
avoidable accumulations of sediment seriously reduce the ability 
of the system to perform its intended function by constricting the 
cross section and by increasing the effective roughness of the pipe. 
Removal of these sediments is a costly operation and should be 
avoided by designing the system to carry the expected load, or by 
providing easily cleaned sand traps.
Unfortunately, the criteria upon which proper design must be 
based have not been determined. Although conditions at the site 
will indicate the type, size-distribution and quantity of sediments, 
the available hydraulic gradient, and the average and maximum 
runoff, the effect of these variables on the performance of any pro­
posed design has not as yet been assessed.
There is at present a paucity of information either theoretical 
or experimental pertaining to the problem. Previous experiments 
on the transport of sand in pipes have been prim arily  concerned
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with dredging and, therefore, with suspended load moving at high 
velocities. In  the case under consideration, however, the velocities 
and sediment concentrations are relatively low. The major portion 
of the sediment is transported adjacent to the bottom or bed and 
only a small percentage is carried in suspension. The problem be­
comes one of bed-load transport and its relation to the geometric 
and hydraulic properties of the conduit and flow. A comprehensive 
experimental program designed to evaluate this relationship was 
undertaken at the Iowa Institu te of Hydraulic Research under the 
sponsorship of the Bureau of Public Roads. This paper presents 
the principal results of that portion of the investigation which 
treated with conduits flowing full. A detailed account of this study 
is available in the dissertation f 1 ] submitted by the writer to the 
Graduate College of the State University of Iowa in partial fulfill­
ment of the requirements for the Ph. D. An extension of this study 
to include the general case of the pipe flowing partially full is pre­
sented by Dr. Ambrose [2] as the second part of this paper.
Present transport theory is to a large degree embodied in a series 
of bed-load equations which have been determined empirically or 
semi-empirically for open channels. Although the quantitative agree­
ment between them is poor, they are useful as a qualitative indica­
tion of the fundamental parameters involved in the transport proc­
ess. The m ajority of these equations are expressible in the form
( i ,
L q y d  -I
in which
S is the hydraulic slope or energy gradient, 
q8 is the absolute volume rate of sand discharge per unit width, 
q is the volume rate of flow per unit width, 
y is the specific weight of water,
Ay is the difference in specific weight of water and sand, 
d  is the mean diameter of the sand grain, 
y  is the mean depth of flow, and
Sc is the critical energy slope at which movement begins.
An analogous expression for a pipe flowing full must reflect the dis­
similarities between pipe flow and open-channel flow. The slope S of 
the bed is necessarily equal to the piezometric gradient for uniform 
flow in an open channel, whereas the two are independent in pipe 
flow. Therefore, the pipe equation must include both S and 8ip, the
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slope of the pipe, as independent parameters. A fu rther dissimilari­
ty  is encountered in the concept of a limiting energy slope designated 
as Sc — the slope for which the force exerted by the flowing water 
on the particles comprising an inert bed ju st overcomes the resist­
ance to motion. However, there are many flow conditions for which 
no sand bed exists. The slope SL is therefore defined as the limiting 
value of the slope for which the ratio of sediment transport to the 
rate of flow (Qs/Q )  approaches zero
As stated above, two limits can occur, one in which an inert bed of 
sand deposits on the bottom of the pipe and for which the limiting 
slope is dependent upon the critical shear of the sand, and one in 
which all of the sediment is swept from the pipe and the limiting 
slope is simply tha t for sediment-free pipe flow. The transport equa­
tion for a pipe thus has the form
In addition to the bed-load equation the flow is necessarily char­
acterized by the familiar resistance equation
f  V2
8 " = - ------  (3)
4 R 2 g
in which f  is the resistance coefficient and R is the hydraulic radius. 
The velocity in this equation is taken as that in the constricted sec­
tion if deposition is present, and R is the mean hydraulic radius. 
The resistance coefficient will depend upon the material in the bed, 
the shape of the bed, the Reynolds number, and the geometry of 
the cross-section. Equation (3) can be expressed in the functional 
form
8 jj limit [$]
QJQ
(2)
in which
Qs is the absolute volume rate of sand flow, 
Q is the volume rate of fluid flow, and 
Z> is the pipe diameter,
Sp is the slope of the pipe.
in which
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(5)
(6)
y s is the depth of sand in the pipe,
R is the Reynolds number, and 
k is the equivalent roughness height for the pipe.
Equations (1) and (4) can be combined to eliminate the energy 
gradient, reducing to
Q r  Qs ys Ay d k~\
■------- -- — ? -----’ — ’ — ’ ~ ’ R ’ ~
Z)2 SVff 4 D y D D -I 
or to eliminate the discharge, giving
i- Qs Ay ys d k - 1
S =  <P --------— ’ ---- > — ) -  > R ; -
Lz)2-6V^ y D D D J
These equations are sufficient to describe the bed-load transport 
once their form is known. The experiments conducted by the writer 
were designed to determine these functional relationships.
The prim ary  experimental equipment employed in the investi­
gation is illustrated schematically in Fig. 1. The pipe was a sixty- 
foot length of lucite tubing 6 inches in diameter, and was supported 
in adjustable cradles mounted on an I-beam. A portion of the ex­
periments was conducted using a 2-inch lucite pipe of proportionate 
length. The slope of the pipe was made adjustable by means of a 
pulley system. W ater was supplied from a constant-head tank, and 
the discharge and depth of flow were controlled by gates at the up ­
stream and downstream ends of the pipe. The flow was measured 
either by means of an orifice meter or by direct readings of weight 
during selected time intervals. The energy gradient was measured 
by means of piezometers placed at five-foot intervals along the pipe. 
Three grades of uniform quartz sands (0.25, 0.58 and 1.62 mm) 
were employed. The sands were fed into the upstream end of the 
pipe by a mechanically operated sand feeder and were trapped at 
the discharge end. For each run  the fluid and sand discharges were 
established at predetermined rates and so maintained until equilib­
rium  was reached; this condition was determined from successive 
readings of the piezometers, successive measurements of the bed, 
and visual observation.
The energy gradient is plotted as a function of the transport- 
discharge ratio in Fig. 2. I t  is seen that there are three distinct re­
gions ; one in which the head loss is prim arily dependent upon the 
transport discharge ratio Qs/Q, a transition region, and a limit-
http://ir.uiowa.edu/uisie/34
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and sump
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ing region in which the gradient is independent of the sediment 
transport and approaches the limiting slope.
A relationship for the limiting slope can be determined analyti­
cally from an analysis of the mechanics of flow. I f  it  is presumed 
(after White [3]) that the force exerted on a particle by the flow­
ing water which is just sufficient to cause its motion, is proportional 
to the immersed weight of the particle, and th a t the average shear 
in the pipe is related to the critical shear for that condition by the 
relationship
r av. —— Tc9 ( ' U s /D ' )  (7)
I t  follows from elementary mechanics that, for the limiting slope SL 
Tav. =  =  TC< f ( y s/ D )  «  A y d t f ( y s/ D )  ( 8 )
Introduction of the resistance equation leads to the relationship
fV 2 (9)(Ay/p )d
Here V is the mean velocity in tha t area of the pipe which is un ­
obstructed by sand,
y  = _____
ttZ)2(1—A ./A o)
ill which A,  is the obstructed area of the pipe and A„ is the entire 
area of the pipe. Algebraic manipulation of Bq. (9) yields an ex­
pression in a form of prim ary interest to designers (i.e., an expression
http://ir.uiowa.edu/uisie/34
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for the amount of sand which will remain in the pipe when the flow 
is so reduced that the limit of movement is reached).
f  Q d ~\
y J D  =  o -----------  ’LD-d°-W (Ay/P)d D J
The validity of this relationship is shown in Fig. 3. The experi­
mental points in this figure were determined by filling the pipe to 
a predetermined level with sand and increasing the flow rate until 
movement was observed. Experimental difficulties precluded meas­
urement of the slope in these experiments but it is readily seen that 
SL is given by Eq. (8) if ys/ D > 0, and becomes that for sediment- 
free pipe flow if y J D  —  0. Limiting values for which y s/ D > 0 are 
shown as dotted lines in Fig. 2, and several limiting values for clear- 
pipe flow are shown as solid lines.
Figure 2 indicates the existence of a short transition from a val­
ue of the slope which is constant to one which can be approximated 
by the equation
Ayr Qs 1 2/3
s = °-60, 7 U J  <10>
The considerable scatter of the points about the line of this equa-
P i g . 3 . F u n c t i o n a l  R e l a t i o n s h i p  b e t w e e n  R a t i o  o f  D e p t h  o f  S a n d  t o  P i p e  
D i a m e t e r  a n d  a  P a r a m e t e r  o p  W a t e r  D i s c h a r g e .
http://ir.uiowa.edu/uisie/34
tion is attributable to the bed configuration, which in tu rn  appears
Qs Q y
to be a function of the parameters — >------- ------- , and —  (the
Q d *-w * y/ p w
ratio of the mean velocity of flow in the unobstructed area to the fall 
velocity of the sediment particle). I f  all other parameters are held 
constant and the transport-discharge ratio Qs/Q  is varied, the shape 
of the sand bed changes in the following manner. I f  Qs/Q  is equal 
to zero, the pipe line will either be free of sand or will contain an 
inert bed. Which of these conditions will occur depends upon the 
magnitudes of the fixed parameters and the history of transport. 
I f  Qs/Q is ju st greater than zero, isolated dunes will appear in the 
pipe or will be superposed upon an inert bed. As the ratio is in­
creased, the dune spacing decreases until the dunes join together. 
A fu rth e r increase in Qs/Q  causes the dunes to lengthen and to 
flatten un til the bed is perfectly plane.
Although the bed configuration for each of the sands evolved 
through the same pattern, the value of Qs/Q  a t which a given 
change in form occurred was different for each grain size (i.e., a
&  =0 .00046 /
■■ X'-‘ ':r: ’v-
=0 .00224
F i g . 4 .  T r a c i n g s  o f  B e d  P r o f i l e s  f o b  S e l e c t e d  R a t i o s  o f  S e d i m e n t  
T r a n s p o r t  t o  W a t e r  D i s c h a r g e .
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T r a n s p o r t  t o  W a t e r  D i s c h a r g e .
dependence upon the parameter V /w  was indicated). Figures 4 
and 5 are tracings of photographs of the bed which illustrate this 
geometric transition. I t  appears from these figures tha t the higher 
the value of V /w  the greater is the tendency for the sediment to 
be lifted into suspension and the less the tendency for it  to travel 
in a series of dunes. Examination of Fig. 2 shows that the scatter 
in the points can be explained in terms of this param eter and its 
effect upon the geometry of the deposited sediments.
I t  should be noted tha t the form of Eq. (10) is the same as for 
the great m ajority of bed-load equations if the shear is well above 
the critical. These equations reduce to the form
s « ~ y r ^ T
y  IQ J
in which n is an exponent tha t varies from J (Shields) to § (Schok- 
litsch, Meyer-Peter [4]). This variation probably arises from vari­
ations in the range of experimentation and from the approximate 
nature of the exponential function.
A relationship for the quantity  of sediment which will be de­
posited in the pipe can be obtained by combining Eq. (10) with the 
Darcy-Weisbach equation. This relationship is illustrated in Fig. 6.
http://ir.uiowa.edu/uisie/34
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Although the results of this investigation are not extensive 
enough to cover the entire range of parameters to be encountered 
in drainage design, certain limits are definitely indicated. The de­
signer must insure tha t the great m ajority of the expected flows
Q
will be such that the param eter r z ;  exceeds 2.5. I f  such
d n-5D 2\ '  A y / p
is not the case a permanent deposit of sediment will gradually ac­
cumulate in the pipe. I f  the drainage area is one which contains 
large quantities of clay or other materials of a cementing nature, 
then the sediments must be kept in motion at all times {i.e., 
Q / Q
------- 1 ~  X ( — 1 should exceed 5.0). Other design criteria
X»2-5VAy/p w *  /
may be devised and it is hoped that the material presented herein 
will be a useful guide in the solving of the perplexing problems 
arising in the design of storm drains.
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TH E TRANSPORTATION OF SAND IN P IP E S
II. FR EE -SU R FA C E FLOW  
By
H a r r y  H .  A m b r o s e  
University of Tennessee, Knoxville, Tenn.
In  an extension of the investigation described by Dr. Craven in 
the preceding paper, the program of study was generalized to the 
extent of giving prim ary consideration to the transport of sand in 
a pipe under free-surface conditions. Although the case of full-pipe 
flow is again discussed, it is treated as a limiting condition for free- 
surface flow. As is required for the more general phenomenon, em­
phasis is placed on the geometry of flow ra ther than on sediment 
concentration.
I t  is quite evident tha t the transport of sediment by free-surface 
flow in a non-rectangidar channel is an exceedingly complex phe­
nomenon. The usual simplification of the flow pattern  made by im­
posing the conditions of steadiness and uniform ity can be applied 
only in a statistical sense to sediment transport. In  the general case, 
the configurations of bed and fluid surface, as well as the character­
istics of flow, change continuously with time and distance along 
the channel; consequently, it becomes necessary to deal with aver­
ages with respect to both time and distance for each of the variables 
involved.
The variables pertinent to this case are:
1. For the flu id : Q — volume rate of flow
y  — average depth above bed 
y — specific weight 
v — kinematic viscosity
2. For the sedim ent: Qa — absolute volume rate of transport
d  — nominal grain diameter of uniform 
sediment 
ys — average depth of bed 
ys — specific weight 
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3. F or the p ip e : D — diameter
k — linear measure of roughness
4. G eneral: g — acceleration of gravity
S  — energy gradient =  hydraulic gradient= slope 
of bed =  pipe slope
I t  will be noted that the list omits certain variables which in 
other situations may be important. Specifically, there is no meas­
ure of the bed configuration, nor is an entrainment quantity de­
fined. Although the existence of a “ critical discharge” , “ critical 
slope” , or “ critical shear”  which precisely defines the beginning 
of entrainm ent is not precluded, any variables iipon which such a 
quantity  would depend are already present in the above list. Per­
haps the most realistic way of viewing the effect of the initiation 
of movement in the present case is to consider the fact that, in de­
creasing to a very low value, the transport rate ultimately has a 
negligible effect on the resistance to flow.
As is true of the entrainment characteristic, the form of the bed 
is not independent but depends upon the listed variables and no 
others if uniform sediment is assumed.
Because of the many variables which must be related and the 
extreme complexity of the mechanics of transport, it  is understand­
able th a t a rigorous derivation of the general transport function 
has not been found possible. Even in the simplified case of two- 
dimensional flow, all transport equations have been derived by the 
use of certain assumptions. In  each instance, the assumptions — 
whether gross or concerned with details of the mechanics — exert 
a real influence on the quantitative relationships. So it is that all 
present transport equations are at best semi-empirical. In  order to 
advance the present state of knowledge, then, experimental investi­
gation appears necessary.
Dimensional consideration of the above-mentioned variables will 
yield functional forms for the necessary relationships. Two rela­
tionships to define the phenomenon are required, as a minimum:
(a) a transport function, relating the transport to the geometry 
and to other characteristics of flow, channel, and sediment; and
(b) a discharge function, relating the discharge to the resistance 
to flow from sand bed and pipe wall. Because of the large number 
of variables, the possible forms of these two functions are numerous. 
Fortunately, past experience affords a guide to the more significant 
forms.
http://ir.uiowa.edu/uisie/34
Earliest investigations of the prim ary processes of sediment trans­
port — namely, scour and deposition — indicated the importance 
of the mean velocity of flow and the geometry of the cross section 
in these processes. Although in later years attention has been di­
verted to the details and minutiae of the transport phenomenon 
(perhaps in some measure due to vagaries resulting from over­
simplification of the velocity-transport relations), most investiga­
tions in this field again center attention on the velocity-geometry- 
transport relation.
The mean velocity of flow can be w ritten in the functional form 
K =  (Q /D 2) V[y /D ,  y s/D ]  
since the discharge and mean cross-sectional area of flow are neces­
sary to its definition. (The symbol o stands for “ function o f” .) In ­
asmuch as the overall flow-transport process is predominantly a 
gravitational phenomenon it appears logical to combine Qs and g 
to form a term for transport with the dimensions of velocity. The 
only such combination possible is Qs'/n g2/r>. On the basis of these 
considerations, the transport function becomes
Q/D2
— — —  =  <f [y/D, ys/D ,  d/D, k/D, ss, R ] (1)
Qs /!> g 1
in which ss is the specific gravity of the sediment and is equal to 
y d y ,  and R  is a Reynolds number term  which effectively indicates 
the role of viscosity.
The form of the discharge function is obtained by w riting the 
Chézy equation as
A V g R S
in which /  is the Darcy-Weisbach resistance coefficient, A  is the 
cross-sectional area of flow, and B  is the effective hydraulic radius. 
Since in the present situation,
A  =  D 2<? [ y / D ,y s/D ]
B  =  D y  [y /D , y s/D ,  d/D, k /D,  RJ 
/  =  ? [ y /D ,  y s /D ,  d/D, k/D,  R ] 
the above expressions can be combined to yield the desired discharge 
function,
=  ? l y / D ’ ys /D’ d / D ’ k /D ’ R] (2) 
The functional relationships indicated in Eqs. (1) and (2) remain
http://ir.uiowa.edu/uisie/34
to be determined experimentally. The experimental program de­
signed for this purpose was carried out in three parts.
In  addition to the general case, two limiting conditions will at 
once be noted. I f  for a given equilibrium condition the slope of the 
pipe or the discharge is decreased, or if the sediment load is in­
creased, the geometry of the cross section must also change progres­
sively until the capacity for transport is once again equal to the 
sediment load. W hatever the initial cause of the unbalance, the 
result will be deposition of p a r t of the bed load in the upstream 
section of the pipe as the system attempts to increase the bed slope 
and thereby restore the transport capacity. I f  the pipe is relatively 
short and the unbalance slight, equilibrium may be restored with 
non-uniform flow conditions. On the other hand, if the pipe is long 
or the unbalance marked, deposition will continue until the pipe 
is under pressure. Eventually, a uniform-flow system is obtained 
for which the hydraulic gradient is 110 longer fixed by the pipe 
slope. Craven [1J has shown tha t the independent effect'of pipe 
slope is negligible for this range ordinarily encountered in practice, 
however. For uniform flow, the geometry is simplified in that the 
depth of sand bed is always equal to the difference between the pipe 
diameter and the depth of flow. That is to say, the characteristic 
equation of the first limiting condition is ys/ D  =  1 — y/D .  Hence, 
the average y /D  value is adequate to define the mean size and shape 
of the flow cross section.
Logically, the second limiting condition occurs as the ultimate 
effect of unbalance of equilibrium opposite to the first case. Increase 
of discharge or pipe slope, or decrease of sediment load will bring 
about entrainment of the inert bed material. Since the thickness of 
the bed is finite, the pipe will be swept clear of sediment if the un­
balance is sufficiently great. W ithout an inert bed, the mean ge­
ometry is again defined by the average value of y/D .  F u rther un ­
balance merely results in an advanced stage of transport — that 
of suspension. However, the limiting condition of prim ary interest 
in the maintenance of sediment-free pipes is tha t for sediment mov­
ing in flume traction without deposition but for which a slight in­
crease in sediment load or decrease in discharge or slope causes 
deposition. F or the purpose of identification, the slope for this con­
dition will be referred to as the slope of impending deposition Sid. 
The characteristic equations for this rather arb itrarily  defined limit­
ing condition are y J D  =  0 and 8  — 8 id.
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The equipment employed was essentially that described in the 
preceding paper. The test pipe was modified by the installation at 
the upstream end of an open head-box with baffles and a vertical 
sluice gate, and by the provision of opening a t five-foot intervals 
along the pipe for measuring depths with a point gage. A special 
piezometer system and manometer board perm itted remote measure­
ment of both slope and depth simultaneously. A complete descrip­
tion of the equipment will be found in the w rite r’s dissertation [2].
The procedure varied with the particular type of flow. In  the in­
vestigation of Case I (y j D  =  0 ; S =  Sid), the desired rates of 
sand and water flow were set with the pipe inclined at a slope which 
would maintain the sand in constant motion. The slope was slowly 
decreased until the sand grains began to deposit, whereupon the 
sand feed was diverted to clear the pipe. The slope was then in ­
creased approximately 1 percent and sand was again fed into the 
pipe. If  no deposition appeared, the desired condition was consid­
ered established ; otherwise, the procedure was repeated.
For Case I I  (ys/ D  — 1 — y /D ) ,  the procedure was similar to 
that described in the preceding paper. Modification of the equip­
ment facilitated the determination of the equilibrium and the meas­
urement of the hydraulic gradient.
The procedure for the general condition designated as Case II I  
(0< y s/D  <  1 — y /D ) ,  consisted in first establishing the approxi­
mate depth of bed required for full-pipe flow, then setting the rates 
of water and sand flow for the run, and finally adjusting the pipe 
slope to obtain the equilibrium condition. The slope of the water 
surface was kept equal to tha t of the pipe and bed. The method of 
determining if the flow had become stabilized varied with the rate 
of sand transport. For the highest rates of sand feed, changes in 
bed and water surface occurred quite rapidly if the system was 
out of balance. Visual observation was sufficient to determine 
whether or not uniform conditions existed for such runs. F or runs 
with lower rates of sand transport i t  was necessary to measure the 
rate of sand discharge from the pipe and to match this to the rate 
of feed by adjustment of the pipe slope. Timed samples of the 
sediment discharge, caught in sieves of appropriate mesh size, were 
weighed immersed in a calibrated bottle. The length of time for a 
representative sample varied from about 3 to 30 minutes depend­
ing upon the rate of sand flow and the configuration of the bed. At 
least two dunes were allowed to pass from the pipe, and the sam-
http://ir.uiowa.edu/uisie/34
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pling was started  and stopped when the leading edges of the suc­
ceeding dunes passed the same section in the pipe. A complete tab­
ulation of the experimental data is to be found in the w riter’s dis­
sertation. Results of prelim inary tests to determine the resistance 
characteristics of the plastic pipe were compared with the Karman- 
P ran d tl resistance equation for smooth pipes. The test-pipe resist­
ance conformed to the equation throughout the range of experi­
mentation.
Noteworthy in Figs. 1 and 2 is the fact that for all three cases 
the transport function appears to be dependent solely upon the 
mean geometry. No effect of d /D  is discernible although extension 
of the range for Case I I  over eighteen-fold is made by incorporat­
ing Craven’s data  for the 1.62-mm sand in the 2-inch pipe. No 
effect on these or other geometrically related functions is shown by 
the bed configuration in spite of the extreme range, from a per­
fectly flat bed, through low dunes fourteen times the pipe diameter 
in length, to separate dunes of height more than one-third of the 
pipe diameter moving along the otherwise bare pipe.
The specific gravity of the sand was not varied. The term 
(s, — 1 )2/5 in the transport function is included on the basis of
http://ir.uiowa.edu/uisie/34
qualitative agreement with the Shields transport equation [5] since 
Shields was notably successful in correlating data for sediments of 
widely varying specific gravities.
Although k /D  was not varied it seems reasonable to assume that 
k/D  will play no significant role in the given transport function. 
This assumption is supported both by the character of the function 
and by the lack of effect of varying d/D.  A definite trend  with 
d /D  is to be noted in all other functions which are inherently de­
pendent on resistance and for which there exists an inert sand bed.
I t  must be noted that the investigation was not carried into the 
range of negligible transport and it is not to be expected tha t the 
functional relationships which are developed herein will remain 
unchanged under such circumstances. Rather, it is to be expected 
that the role of viscosity will be displayed as transport becomes in­
significant. Although this role has not been fully assessed, the work 
of Shields indicates that the parameter
d V  gys d 
v 8'
y /D
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governs both the limit of significant transport and the form of the 
bed at this limiting condition (S' is a length dependent upon the 
relative magnitude of viscous forces adjacent to the bed). Quali­
tative confirmation of the importance of this parameter was shown 
in the present study by the fact that a radical change in bed form 
occurred for d/8' approximately equal to unity  and a consequent 
decrease in transport efficiency resulted.
A comparison of the three cases is relevant. For all three cases a 
continuous increase of the transport function with y /D  is shown. 
The maximum value
!/2/5i>2 q si/5 (ss— i y /5
indicates that no deposition will occur for higher values of this 
param eter whatever the case may be. This is very important in 
m aintaining sediment-free pipes.
For Cases I  and I I  the curves are directly defined, y/1)  being the 
only geometrical variable required. Because it was not found pos-
y/D
F i g .  3 .  D i s c h a r g e  F u n c t i o n  f o r ,  I m p e n d i n g  D e p o s i t i o n  ( C a s e  I ; .
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sible to control completely the depth of bed for Case II I ,  the curves 
of constant ys/D  are necessarily drawn by interpolation. Location 
of the upper terminal point for each curve of ys/D  =  constant is 
facilitated by the requirement tha t for y s/D  -|- y /D  =  1 the full- 
pipe (Case I I )  curve be joined. F or y /D - ^ 0, the curves of y J D  =  
constant show a single functional trend. This is to be expected since 
for very small depths of flow a two-dimensional flow pattern  is ap­
proached regardless of the thickness of bed.
I t  will be noted that as ys/D  approaches zero the shape of the 
curves of constant ysJD approaches tha t of the Case I  curve, bu t for 
the same depth of flow the values of the transport function are 
higher for the former. This apparent discrepancy results from the 
fact that a limiting condition is being approached from opposite 
directions and the two processes are not directly reversible. Other 
investigators of this special range of transport have also reported 
this phenomenon. Once sediment has deposited, an increase in trans­
port ability is required to carry away the deposit over tha t which
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was required to maintain the same sediment in continuous motion 
before deposit.
The correlation of the data for the discharge function is shown 
in Figs. 3 and 4. As illustrated by Fig. 4, it  is necessary to include 
a factor in the function which represents the effect of d /D  in order 
to obtain good correlation if there is an inert sand bed. The ap­
proximation of this effect by the power relationship S -—' (d/T)')l/i 
appears entirely adequate for the range of the investigation. Since 
no effect of d /D  is to be discerned for Case I, this is interpreted to 
mean that the param eter d /D  is an indication of the relative rough­
ness of the bed. Such an effect is absent if there is no bed or if rough­
ness itself has no influence on the relationship.
Again, a discrepancy appears to be indicated between Case I  and 
Case I I  as y /D  approaches unity. This apparent discrepancy is 
resolved in the light of the foregoing discussion. The limiting con­
dition is approached in Case I with transport occurring by flume 
traction — the movement of particles over a relatively smooth fixed 
surface. F or Case I I  the mode of transport is by stream traction; 
that is, by movement of particles over other temporarily stationary 
particles. The latter is naturally  a less efficient process. Evidently 
some sort of transition function exists very near the limiting con­
dition in which the effect of d /D  is variable. The investigation in­
dicates that the transition must be very short and .that it is apt to 
be unstable.
The reader will recognize the possibility of various combinations 
of the transport and discharge functions to provide graphs useful 
in the solution of design problems which fall within the scope of 
this investigation. Examples of such solutions are given in the 
w rite r’s dissertation.
This study, in dissertation form, was submitted by the writer to 
the Graduate College of the State University of Iowa in partial ful­
fillment of the requirements for the Ph. D. Degree in Hydraulics. 
The experimental program  was partia lly  sponsored by the Bureau 
of Public Roads and the Iowa State Highway Commission. The 
w riter is indebted to the staff of the Iowa Institute of Hydraulic 
Research for their cooperation, to Dr. H unter Rouse under whose 
direction the investigation was completed, to Mr. Carl Izzard of the 
Bureau for his practical suggestions, and to Mr. Emmett Laursen 
of the Institu te for his counsel.
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D is c u s s io n
Mr. S. Kolupaila complimented the Iowa Institu te of H ydraulic 
Research on their studies of sediment transport. E arlier investiga­
tions, by E. W. Lane, F . T. Mavis, A. A. Kalinske, and H. Rouse, 
and the recent work by the authors have contributed much to the 
progress in this complicated field of fluid mechanics.
He outlined the problem of sand movement in pipes as either for 
transport (dredging and hydraulic fill), or for flushing or prevent­
ing deposition of material. The first problem is limited to the de­
termination of the friction loss or of the most effective concentra­
tion of sand to be transported. The second involves the estimation 
of an impending transport, and deals with full and partly-filled 
pipes, with or without deposition of silt. The authors have prim arily 
contributed to the solution of the second problem. Their diagrams 
represent different combinations of the slope and both discharges — 
of water and of silt —- as functions of relative depths of both. Cer­
tainly, these curves are restricted to the investigated size of grains 
of the experimental sand, bu t they can be successfully adopted for 
the drainage channels.
Mr. Kolupaila also presented a short revue of the recent Euro­
pean research in this field. In  studies similar to those by G. W. 
Howard, E. J . Dent, and M. P. O ’Brien, several authors have 
discussed a problem of transportation of dredged material (see 
Winkel [ 6 ] ) . .To the usual Darcy formula is applied the factor
( 'P I s \  ^
— s 1 in which p =  Q/Qs and ss is the specific gravity of sand. 
P +  l  /
G. W. Howard [7] developed several equations of the type hf= m v x, 
in which the constants m and x depend on the concentration. R. 
Durand [8] found similar relationships in his investigations in the 
Neyrpic Laboratory in France : friction losses increase with concen­
tration and the size of grains.
Another approach is based on a critical velocity, defined as tha t 
at the limit between carrying and depositing silt. This velocity is 
assumed to be the most economical. D urand presented a diagram 
of the variation with the velocity of the ratio of Q/Qs to the spatial 
concentration. Thé critical velocity is determined as tha t for which 
a reversal of curvature takes place. From  a combination of the Du 
Boys and Manning formulas, Popescu [9] derived a transport equa­
tion for trapezoidal channels.
http://ir.uiowa.edu/uisie/34
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SAND TRANSPORT BY LITTORAL CURRENTS
By
J .  W .  J o h n s o n  
University of California 
Berkeley, California
I n t r o d u c t io n
Sandy beaches are found along a large portion of the ocean shore­
lines of the world. Prom the engineering point of view the general 
configuration of a shoreline may be assumed to be relatively per­
manent. However, superimposed on a shoreline of permanent form 
are local changes of the beaches which result from the daily, sea­
sonal, and annual variations in the intensity and direction of wave 
attack. The most im portant variables involved in the character of 
beaches are the ocean waves, the beach material, and the headlands 
containing the beach. For a particular beach, the waves may change 
in characteristics from day to day, whereas the beach responds com­
paratively slowly to their attack. The character of a particular 
beach is actually the long-term result of the waves to which it is 
normally subjected and the supply and type of sediment available.
The nature of the motion of the water shoreward from the point 
of breaking is the most critical from the standpoint of beach changes. 
Consequently, most of the research on shoreline processes that has 
been conducted in recent years has been directed toward investigat­
ing the various hydraulic and sedimentary phenomena occurring 
in this zone. A complete review of this research to date is beyond 
the scope of this p a p e r; however, a brief resume of the nature of 
the various investigations will be of interest.
General discussions of shore processes are available in recent pub­
lications [1, 2]. Descriptions of shore processes and beach character­
istics for many specific localities appear in publications of the Beach 
Erosion Board [3, 4], Many studies have been concerned with the 
detailed description of beach geometry and materials. Such items 
include (a) the effect of exposure on beach types [1, 5], (b) equi­
librium slopes of beaches [6], (c) the location and depths of offshore
http://ir.uiowa.edu/uisie/34
bars [7, 8], (d) seasonal changes of beaches [1, 5, 9], (e) sand-size 
distribution across a beach [5], (f) distribution of suspended sedi­
ment in the surf zone [10, 11], (g) relations between sand size and 
beach slope [5], (h) ripple marks [12], (i) beach cusps [13, 14], 
( j) depth of disturbance of sand by waves [15], and (k) the abra­
sion of beach sands [16].
The sedimentary problems listed above occur on any sandy beach 
regardless of whether the waves approach the shoreline normally or 
obliquely. The result of waves breaking at an angle to a shoreline, 
however, is to introduce an additional factor — the generation of 
a longshore or littoral current (Fig. 1). It is this current, combined 
with the agitating action of the breaking waves, that is the primary 
factor in causing a movement of sand along a coast line. The 
strength of the littoral current in terms of the wave and beach char-
F i g . 1 . A e r i a l  V i e w  o f  W a v e s  B r e a k i n g  a t  a n  A n g l e  t o  t h e  C o a s t . T h e  
L o n g s h o r e  C o m p o n e n t  o f  t h e  V e l o c i t y  o f  t h e  B r e a k i n g  W a v e s  i s  E f f e c ­
t i v e  i n  M a i n t a i n i n g  a  L i t t o r a l  C u r r e n t .
http://ir.uiowa.edu/uisie/34
acteristics for a long straight shoreline has been studied in both 
the laboratory and the field [17, 18, 19]. As a result of these obser­
vations, the velocity of a littoral current now can be predicted with 
reasonable accuracy. The rate of sand movement by such currents 
unfortunately has not been expressed in a formula for general appli­
cation, prim arily because of the difficulty and expense of making the 
necessary experimental observations. The importance of the long­
shore movement of sand by wave-induced currents, however, can­
not be underestimated by the engineer engaged in the design, con­
struction, operation, and maintenance of coastal structures. Along 
the coastlines of the world, numerous engineering works in various 
stages of disintegration constitute impressive evidence of the fu ­
tility of disregarding this im portant phase of shoreline processes. 
The discussion to follow is concerned with a summary of the known 
investigations that have been made to date on this im portant prob­
lem. Suggestions are made on fu rther research that is desirable.
T h e  L it t o r a l  T r a n s p o r t  o f  S e d i m e n t  
General.
For waves approaching a straight coast with wave crests parallel 
to the shore, im portant transformations in the wave characteristics 
take place. Beginning at a depth of about half the deep-water wave 
length, the waves sta rt to “ feel”  bottom and their height, length, 
and velocity begin to change. The height first decreases slightly 
and then starts to increase and continues to increase to the break­
ing point. A maximum wTave height occurs at this point. The break­
ing action is accompanied by relatively high accelerations and ve­
locities of the water particles. Typical examples of velocity fields 
just at the breaking point of a wave are shown in Fig. 2, as obtained 
by Iversen [20], The result of breaking is a highly tu rbulent flow 
condition that is capable of placing large amounts of sediment into 
suspension. Measurements by the Beach Erosion Board [11] show 
a relatively large percentage of sediment in suspension near the 
plunge point of a breaker as compared with the region on either 
side of this point. This has been confirmed in an investigation in 
the wave channel at the University of California [21].
Should waves approach a shoreline at an angle, they undergo 
height changes due to refraction as well as to bottom effects. Al­
though the waves tend to become parallel to the coast as a result 
of refraction, they usually break at a slight angle to the shore with
http://ir.uiowa.edu/uisie/34
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the result that a littoral current is induced and is effective in mov­
ing a mass of water (and the sediment placed in suspension by the 
breaking waves) slowly along the coast. In  addition to the sediment 
moved in suspension, there is the material which is rolled in a zig­
zag motion along the beach face by the longshore component of the 
uprush and backrush of the waves [22, 23]. For a beach with an 
equilibrium profile formed by waves of relatively large steepness 
(ratio of height to length H 0/ L 0 >  0.025, the maximum being 
0.14), which is characteristic of storm conditions, the sediment 
movement is mainly in suspension. In  the case of an equilibrium 
condition formed by waves of low steepness (H 0/ L 0 less than 0.025), 
which is typical of calm summer conditions, the transport appears to 
be the result of bed load movement along the beach face [23]. Mason 
[11] estimates that as much as 80 percent of the material moved 
alongshore by wave action is moved in the area from the point of 
breaking to the limit of uprush of the waves on the beach. No re ­
lationship is available as yet for estimating the ra te  of littoral d r i f t ; 
however, there are a few laboratory and field experiments which 
are of interest in giving information on the variables involved and 
the general order of magnitude of the rate of drift.
Perhaps the first estimates of the ra te  of sediment movement 
along a coast were made in 1932 by the Beach Erosion Board in con­
nection with investigations on the South Shore of Long Island [10]. 
In  this study the amount of sand impounded by the Rockaway In ­
let je tty  was determined by surveys made a year apart to be 290,- 
400 cubic yards. This measurement gives an average daily ra te  of 
about 800 cubic yards for this locality. Surveys of the accumulation 
of sand in the harbor at Santa B arbara during the 1930’s indicated 
that between 800 and 1000 cubic yards of sand per day were mov­
ing generally southeastward under the force of the littoral currents 
along this section of the California coast [24], In  neither the Long 
Island nor the Santa B arbara studies were the height, period, and 
direction of the waves observed so as to perm it a possible correla­
tion to be made between the rate of littoral d r if t  and the energy of 
the waves.
An attempt to express the rate of littoral transport as a function 
of the wave characteristics has been made by Munch-Petersen [25] 
in connection with harbor studies on the Danish coast. Basically 
his formula consists of assuming tha t the amount of m aterial trans­
ported is a function of the alongshore component of the energy of
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the waves. The energy of the waves in deep water is given by the 
expression
in which w is the unit weight of the water, and Ho and L0 are the 
height and length, respectively, of the waves in deep water. The 
Munch-Petersen formula for transport is
where K  is a coefficient and a0 is the angle between the shore and 
the direction of wave approach. This relation appears reasonable 
except that, as indicated later in the discussion of model studies, 
the waves steepness H 0/ L 0 should be included as a parameter. For 
this equation to be generally useful, many measurements of the 
wave characteristics (height H0, length L0, and direction a0) and 
the corresponding rate of transport, Q, must be measured to permit 
the evaluation of the coefficient K.  Munch-Petersen presents 110 val­
ues of K  and makes the plea that sufficient measurements be made 
to determine Tf-values for design purposes. Of interest in Munch- 
Petersen’s report is his evaluation of the relative transport ability 
at various points along a shoreline. Where measured wave data 
are lacking (which is the usual case), this analysis attempts to ar­
rive at a resultant vector of wave energy from the strength and fre­
quency of occurrence of the winds from various directions. This 
attem pt to arrive at relative measures of transport ability from 
wind records, of course, would apply only where the coast line un­
der consideration is at the end of the fetch, thus serving as a 
boundary of the generating area. The wave steepness in this case 
is approximately constant, with the waves probably being at or near 
the maximum steepness. The above treatment would not apply to 
some areas, such as the west coast of the United States, where the 
waves responsible for the longshore movement of material are gen­
erated hundreds of miles off the coast and consequently bear no 
relation to winds observed at coastal stations. In  such instances a 
more reasonable approach is that developed by the Los Angeles Dis­
tric t of the Corps of Engineers [26]. This method is essentially that 
of Munch-Petersen except that wave data are used rather than wind 
data.
2
E = (1)8
Q =  K E  COS a 0 (2)
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Model studies.
To define more precisely the variables involved in the ra ther com­
plex problem of littoral sand transport, a series of model studies 
has been made at the University of California in recent years. The 
first of these was made by Krumbein [27] in 1942 in a model basin 
approximately 38 feet by 59 feet. This basin later was enlarged to 
66 feet by 122 feet and the scope of K rum bein’s studies was ex­
tended by Saville in 1949 [23], Using the same basin and sand as 
used by Saville, an additional series of tests was made by Shay and 
Johnson [28] in 1950 in cooperation with the Beach Erosion Board. 
In  all of these the procedure was basically the same — tha t is, a 
wave machine propagated waves toward a model beach which was 
oriented at various angles to the direction of the wave crests in deep 
water. The wave characteristics were measured as well as the rate 
of sand transported by the littoral current induced by the waves 
breaking at an angle on the beach. All tests pertain  to an infinitely 
long straight beach without tide effects.
Both the studies of Krumbein and Saville have been published 
and need not be discussed in detail except for a few comments on 
certain significant results. Saville in a summary of his data (along 
with a reanalysis of K rum bein’s data) was perhaps the first to 
show that for constant wave energy and angle of attack there is 
a particular critical wave steepness at which the littoral transport 
is a maximum. This maximum appears to occur at a wave steepness 
between 0.02 and 0.03. Thus, contrary to popular belief, it is not 
the relatively steep storm waves tha t cause a relatively large lit ­
toral transport, but rather the intermediate or summer waves which 
are the major factor in shoreline processes. Although storm waves 
may remove large quantities of sand from beaches, they appear 
merely to move the material offshore into deeper water. This ma­
terial is later moved back onto the beach during a sustained period 
of action involving waves of relatively small steepness. W ith sedi­
ment traps located along a profile of his model beach, Saville showed 
that during the period of highest transport the larger percentage 
of the material was moved by beach drifting along the beach face. 
The greatest transport of sediment along the beach occurs when 
the beach profile is in equilibrium with waves whose steepness is 
approximately 0.025. Previous experiments [6] have shown that 
the beach profile changes from a “ storm ” profile (with an offshore 
bar) to an “ ord inary”  or summer profile (no offshore bar) at this
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same critical wave steepness of 0.025. A pparently the rate of trans­
port for a given approach angle tends to increase with increasing 
wave steepness on a beach possessing an ordinary profile. If  an off­
shore bar starts to form at the critical wave steepness of 0.025, the 
ability to transport sand is reduced. The increase in the size and 
the change in the location of the offshore bar with increasing wave 
steepness is not conducive to an increase in the rate of transport.
As mentioned above, the investigation by Saville was extended 
in a series of tests for the Beach Erosion Board [28]. Whereas Sa­
ville conducted tests only on a beach inclined at 10 degrees to the 
wave crests in deep water, the later tests were conducted with 
angles of 20, 30, 40, and 50 degrees. The model basin, sand, and 
test procedure otherwise were the same as that of Saville. Fig. 3 
shows the basic data obtained in the tests by Shay and Johnson [28] 
as well as those by Saville. Five graphs are presented, each repre­
senting a different angle of wave approach, with the rate of trans­
port plotted as a function of the wave steepness. In  these tests the 
median diameter of the sand was 0.30 mm. Beside each experimental 
point is a number for which the true angle between the beach and
T A B L E  I
D a t a  f o r  P o i n t s  i n  F i g u r e s  3  a n d  4
Poin t Angle Point Angle Point Angle
No.
“ o
E No.
“ o
E No. % E
1 13.1° 0.61 20 31.5° 1.26 39 41.0° 0.90
2 11.4° 0.62 21 31.5° 1.54 40 41.0° 1.19
3 10.7° 0.62 22 30.7° 1.19 41 40.4° 0.98
4 10.2° 0.61 23 30.7° 1.21 42 40.4° 0.81
5 10.0° 0.61 24 30.7° 0.93 43 40.4° 0.80
6 10.8° 0'.48 25 30.1° 0.83 44 50.4° 0.89
7 10.5° 0.47 26 30.4° 0.85 45 56.6° 0.94
8 10.2° 0.47 27 46.1° 0.99 46 60.2° 1.17
9 10.0° 0.47 28 46.1° 0.89 47 60.2° 1.07
10 22.3° 1.13 29 44.1° 1.17 48 56.6° 0.99
11 21.6° 1.17 30 44.1° 1.43 49 53.4° 1.12
12 21.1° 0.94 31 42.6° 1.21 50 53.4° 1.08
13 21.0° 0.95 32 42.6° 1.24 51 53.4° 1.19
14 20.2° 0.79 33 42.2° 1.52 52 51.1° 1.06
15 20.0° 0.78 34 41.5° 1.06 53 51.1“ 0.92
16 34.2° 1.22 35 42.2° 1.54 54 51.1° 0.95
17 34.2° 1.00 36 41.0° 0.87 55 51.1° 1.15
18 33.0° 1.15 37 42.5° 1.26 56 50.4° 0.90
19 33.0° 1.38 38 41.0° 1.04 57 50.4° 0.81
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the wave crests in deep water and the wave energy (foot lbs. per 
foot of crest) are given in Table I. Curves have been sketched 
through the points to indicate the trends. Actually a family of 
curves, each of constant energy, should be drawn through the points 
as shown in the graph for the 10-degree angle. The wave machine 
and the beach were oriented precisely at the angles of 10, 20, 30, 
40, and 50 degrees. However, the waves in the constant-depth por­
tion of the basin in some tests were shallow-water waves, and in 
order to make the data consistent the angle of wave approach had
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S t e e p n e s s  t o r  V a r i o u s  A n g l e s  o p  W a v e  A p p r o a c h  ( m e a n  s a n d  s i z e ,
0 .3 0  m m ) .
to be corrected to deep-water conditions according to refraction 
theory [29], Consequently, the deep-water and nominal angles d if­
fered sometimes by 3 or 4 degrees as shown in Table I. This correc­
tion of the nominal angles simplified the experimental procedure; 
otherwise the beach would have had to have been reoriented with 
respect to the wave generator for each test. In  most tests the cor­
rection in angles was less than 10 percent.
Examination of Fig. 3 confirms the finding of Saville th a t for a 
given angle of wave attack, sand size, and wave energy, there is a 
maximum rate of transport if the wave steepness is between 0.02 
and 0.03. The data fu rther show, however, tha t for this critical 
steepness the maximum littoral transport rate occurs if the angle of 
attack is about 30 degrees. The exact angle at which the maximum 
transport occurs can be determined only by fu rth e r tests.
Figure 4 summarizes the data shown in Fig. 3, on a dimensionless 
basis. Again 5 graphs, each representing a different nominal angle of
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F i g . 4 . D i m e n s i o n l e s s  R e l a t i o n s h i p  B e t w e e n  B a t e  o f  L i t t o r a l  T r a n s ­
p o r t , W a v e  P o w e r ,  W a v e  S t e e p n e s s , a n d  A n g l e  o f  W a v e . A p p r o a c h  ( m e a n
s a n d  s i z e ,  0 .3 0  m m ) .
attack, are presented. The ordinate in these plots represents the 
ratio of sand transport to wave power, whereas the abscissa repre­
sents the wave steepness as in Fig. 3. The wave energy E in Fig. 4 
is computed from Eq. (1). The deep-water wave length is related to 
the wave period T by the equation
L0 — 5.12 T2 (3)
A family of curves with angle of wave approach as a parameter 
should appear in each of the diagrams in Fig. 4; however, the data 
are too few to permit this, and trend  curves to represent the nomi­
nal angles of wave approach have been presented. By neglecting 
the term  in the brackets in Eq. (1), the ordinate of Fig. 4 can be 
conveniently expressed in terms of basic factors as Q/  (wH02T ). The 
u n it weight w of the fluid is retained in this expression because the 
model studies were conducted with fresh water, whereas applica­
tion to prototype conditions probably would involve salt water. 
For the above expression, smoothed cross plots of the trend curves 
shown in Fig. 4 are presented in Fig. 5, with transport being plot­
ted as a function of angle of approach for various wave steepnesses. 
These curves are of interest in showing the general nature of the 
relation between the variables, but their possible application to field 
conditions should be accompanied by the words of caution that the 
tests pertain  to one sand size and to a beach of infinite length under 
equilibrium conditions. Also it should be recognized that the test 
conditions involved neither the effect of tide nor a change in the 
character of the waves. To have imposed either of these conditions 
on this ra ther idealized study would have multiplied the scope and 
complexity of the investigation many times.
http://ir.uiowa.edu/uisie/34
As mentioned previously, the equilibrium profile of a beach de­
pends on the steepness of the waves acting on the beach. Beach pro ­
files have been classified roughly as “ storm ”  or “ o rd inary”  beaches
— the former being the result of ra ther steep waves (ZZo/-ko>0.025) 
which are typical of storm conditions, the la tter the result of the 
calm conditions (Ho/ L o<.0.025) which are usually typical of wave 
action during the summer months. To investigate the effect of a 
change in wave characteristics on the transport rate, a brief study 
was made with the beach set at an angle of 10 degrees. In  this in­
vestigation equilibrium conditions (profile and rate of transport) 
were first established under one wave steepness (H 0/ L 0 =  0.0217). 
The wave steepness then was abruptly  increased (H o/ L q =  0.039) 
and the change in rate of transport with time was observed. The
3 / w H o 2 T
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F i g .  6 . V a r i a t i o n  i n  B a t e  o f  T r a n s p o r t  D u r i n g  P e r i o d  w h e n  B e a c h  i s  
A d j u s t i n g  I t s e l f  f r o m  a n  I n i t i a l  E q u i l i b r i u m  C o n d i t i o n  (H 0/ L 0 =  0.0217) 
t o  a  F i n a l  E q u i l i b r i u m  C o n d i t i o n .  T h e  W a v e  S t e e p n e s s  D u r i n g  A d j u s t ­
m e n t  w a s  0.039.
results of this test are shown in Fig. 6; i t  is observed that over 18 
hours of model operation were required to reach equilibrium con­
ditions under the second wave conditions.
This represents the time required for 75,000 waves to break on 
the beach. From  these ra ther limited tests, along with a considera­
tion of the data presented in Fig. 5, certain summary statements 
can be made. Observations to date indicate that the largest per­
centage of the littoral transport occurs in the surf zone. In  this zone 
minor variations usually occur in the wave steepness; however, the 
transport ra te  is not m aterially affected by such variations because 
the time or number of waves required to change the profile from 
the “ storm ”  to the “ o rd inary”  type or vice versa, is considerable. 
M ajor changes in transport rates occur, not because of slight 
changes in the beach profile, bu t because the beach profile is shifted 
from one distinct type to another.
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Field Studies.
Perhaps the most extensive and reliable data on the littoral 
transport of sand collected under natura l conditions have been ob­
tained in connection with the maintenance of the harbor at Santa 
Barbara, California. This harbor was formed in 1929 by the con­
struction of a breakwater [24], The prevailing direction of d rif t  
along this section of the coast is from west to east, and the d rift now 
is intercepted completely by the breakwater (Pig. 7). This in ter­
ception results in a deposition of sand in the harbor and in an ero­
sion problem for the beaches to the east of the harbor. In  the few 
years following the construction of the breakwater, the effects of 
this erosion have been felt as fa r as ten miles to the east [30], To 
maintain the harbor and provide nourishment to the easterly 
beaches it became evident shortly after the breakwater was con­
structed that a program of sand bypassing was necessary. A sum­
mary of the total accretion in the harbor since construction of the 
breakwater is given in Pig. 8. These data were obtained from sur­
veys by the Corps of Engineers in connection with a harbor-dredg-
F i g . 7 . A e r i a l  V i e w  o f  H a r b o r  a t  S a n t a  B a r b a r a , C a l i f o r n i a , a n d  t h e  
A d j a c e n t  S h o r e l i n e .
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F i g . 8 . S u m m a r y  o f  A c c r e t i o n  i n  S a n t a  B a r b a r a  H a r b o r  a n d  A v e r a g e  
R a t e s  o f  L i t t o r a l  T r a n s p o r t  D u r i n g  P e r i o d s  o f  H a r b o r  S u r v e y .
ing program [31]. As indicated in this figure, the harbor has been 
dredged every 2 or 3 years since 1935. Although the annual rate of 
transport of sand along this section of the coast (see Table II)  is the
T A B L E  I I
E s t i m a t e d  a n n u a l  v o l u m e s  o f  a c c r e t i o n  i n  S a n t a  B a r b a r a  H a r b o r ,
1932-1951, i n c l u s i v e
Accretion Accretion
Year cubic yards Tear cubic yards
1932 225,000 1942 245,000
1933 265,000 1943 210,000
1934 390,000 1944 235,000
1935 200,000 1945 295,000
1936 225,000 1946 400,000
1937 205,000 1947 330,000
1938 235,000 1948 370,000
1939 280,000 1949 330,000
1940 310,000 1950 300,000
1941 260,000 1951 283,000
Average, 1932-51, incl. =  279,650 eu. yds. per year
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prim ary item of interest to the design engineer, the average daily 
rate is also important. Average daily rates computed for the vari­
ous periods between harbor surveys are shown in Fig. 8. U nfor­
tunately, no data on the wave conditions during the period of ob­
servations are available for possible correlation between the rate of 
transport and the wave characteristics. An estimate of the probable 
wave conditions during the period 1931-1950 could be made by the 
techniques of hindcasting [32] ; however, the average rate of trans ­
port has been obtained over such relatively long periods of time 
that a definite relation between transport and wave conditions prob­
ably could not be formulated, and the expense of a hindcasting pro­
gram appears unjustified.
To provide more detailed information on both the rate of sand 
transport and the wave characteristics at Santa Barbara, a program 
of frequent harbor surveys and wave recording was instituted in 
1950. The accretion in the harbor was obtained by conventional 
cross-sectioning of the harbor fill. Bottom pressure recorders [33], 
developed at the University of California in connection with other 
research work, were installed for the recording of wave character­
istics — one recorder was located in about 30 feet of water offshore 
from the Santa Barbara breakwater and a second recorder was lo­
cated in about 40 feet of water off the Signal Oil and Gas Company 
P ier at Elwood, California, approximately 10 miles west of Santa 
Barbara. These two wave recorders produced a nearly continuous 
record of wave height and period for the time of observation. No 
recorder for obtaining wave direction was available. However, ex­
cept for a few days during the year the direction of wave approach 
was such as to induce an easterly d rift of sand. Automatic record­
ing of wind speed and direction completed the instrum entation in 
this study.
A summary of the basic observations of ra te  of harbor accretion, 
wave characteristics, and wind characteristics is presented in Fig. 
9 for the period Apr. 21, 1950 to Feb. 28, 1951. This summary in­
cludes (a) the average daily rates of littoral transport as obtained 
for each period between surveys of the deposit in the harbor, (b) 
the wave height and wave period from which the wave steepness 
and the wave power were computed, and (c) the speed and direc­
tion of the wind as observed at the harbor. The wave power P  was 
computed from the equation
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P i g . 9 . S u m m a r y  o f  I n f o r m a t i o n  O b t a i n e d  a t  S a n t a  B a r b a r a  H a r b o r  
D u r i n g  t h e  P e r i o d  A p r i l  2 1 ,  1 9 5 0 ,  t o  F e b r u a r y  2 8 ,  1 9 5 1 .
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and is expressed in foot-pounds per second per foot of crest length. 
The wave steepness was computed from data observed at the re ­
corder, i.e., shallow-water conditions. The data on wind speed and 
direction are included merely to indicate that the local winds give 
a ijrevailing d rift of sand to the east, as does the swell which results 
from more distant storms. W inds from west-north-west through 
north to east are essentially offshore, and, consequently, waves gene­
rated by these winds are not effective in causing a littoral d rift in the 
vicinity of Santa Barbara. Practically the entire time that the wind 
came from other directions than off the land it was from the south­
west sector and thus generated waves which induced a littoral d rift 
in the easterly direction. Mechanical analysis showed tha t the sand 
moving into Santa Barbara harbor was approximately 0.2 mm. in 
diameter.
The data on littoral transport shown in Fig. 9 are of prim ary 
importance. Examination of Table I I  indicates that the conditions 
prevailing during this period of observation represented an “ aver­
age”  year as far as the annual accretion in the harbor was con­
cerned. As might be expected, frequent harbor surveys revealed 
relatively high daily rates of littoral transport as compared with an 
average daily rate based on the annual volume of accretion. I t  is 
of interest in this connection to examine Table ITT, which contains 
data summarized for the few instances in which high rates of trans­
port were observed to occur. Presented in this table for several 
periods of observation are the rates of littoral transport, average 
wave power, and average wave steepness as computed from the 
data shown in Fig. 9. Also shown in Table I I I  are ratios of the rate 
of transport to wave power. The values of this ratio are all of the 
same general order of magnitude except for the period of Feb. 16- 
20, 1951. The relatively high rate of transport computed for this 
period, when neither the wave power nor the wave steepness were 
greater than average, would occur if the wave direction was such as 
to give a large angle of attack compared with the four other periods 
summarized in Table III .
Because no wave directions were observed during the entire peri­
od of study no definite evaluation of this effect can be made. How­
ever, an estimate of wTave direction by the hindcasting technique 
[32] has been made from past weather maps for the periods under
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T A B L E  I I I
S u m m a r y  o f  D a t a  f o b  P e r i o d s  o f  L a r g e  L i t t o r a l  T r a n s p o r t  H a t e s  
a t  S a n t a  B a r b a r a
Q P
Rate o f lit­ Average
Period toral trans­ wave power H /L
between port ( cu y ls (ft-lbs/sec/ Q Average wave
surveys per day) f t ) P steepness
Oct. 26- 
Nov. 7, 1950 2208 216 10.3 0.0032
Dec. 6- 
Dec. 21, 1950 1757 176 10 0.0031
Feb. 1- 
Feb. 15, 1951 2775 157 17.7 0.0024
Feb. 16- 
Feb. 20, 1951 4643 107 43.4 0.0021
Feb. 21- 
M ar. 6, 1951 3950 292 13.5 0.0066
consideration. This analysis indicates that a large angle of attack 
probably did occur, thus accounting for the relatively large ob­
served rate of littoral transport. An adequate device for recording 
wave direction is now lacking. The development of such an instru­
ment should be given high priority. I t  is im portant to note in con­
nection with the data in Table I I I  that the time intervals between 
four of the surveys were longer than the Feb. 16-20, 1951 period, 
and it  might well have been that relatively high rates of transport 
also occurred over short intervals during those periods. That large 
variations in the rate of transport probably occurred might be con­
cluded if the data in Fig. 9 were examined in the light of the rela­
tionships presented in Fig. 4. Thus, it is to be noted that the wave 
steepness never exceeded the critical value of 0.025 during the peri­
od of record. F o r such small wave steepnesses the curves in Fig. 4 
indicate tha t a large change in rate of transport results from a small 
change in wave steepness. Further, with such relatively low steep­
nesses, the mechanics of littoral transport, as observed in the model 
studies, would indicate that the movement of sediment probably 
was “ onshore” . Therefore, the material trapped in the harbor rep­
resented the total amount of sand that moved along the coast, and 
probably little or no material moved offshore into deep water.
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C o n c l u s io n s
A critical examination of the Santa B arbara data reveals that 
sufficient information is available to establish the average and maxi­
mum annual rates of sand movement along tha t section of the Cali­
fornia coast. The data, however, are insufficient to permit the formu­
lation of a general relation between the rate of transport and the 
wave characteristics. Although the determinations of harbor accre­
tion were made more frequently than in previous years, observations 
at even more frequent intervals are necessary to determine accu­
rately the actual rate of transport for a given wave condition. H a r­
bor surveys should be made as frequently as the reliability of sur­
vey methods permit, but in particular they should be made when 
the wave characteristics are observed to change appreciably. F re ­
quent observations of harbor accretion and wave conditions, how­
ever, are not the only factors to be considered. The effect of tide 
and the general variability of height, period, and direction of the 
waves are added complications to the formulation of a general equa­
tion for transport. Detailed information on the effect of some of 
these factors probably could best and most economically be supplied 
by a program of model studies in the new and expanded facilities 
of the Beach Erosion Board.
A c k n o w l e d g m e n t s
The model and field studies described above were sponsored by the 
Beach Erosion Board, the Office of Naval Research, and the Univer­
sity of California. The initial field work at Santa B arbara was 
planned and carried out by W. N. Bascom. The more recent work 
was conducted by F . E. Snodgrass and C. Seim.
D is c u s s io n
[The manuscript of the principal discussion given by R. O. Eaton 
was not available for printing.]
Mr. Posey stated that he had noted deposits on the north side of 
stream outlets along the coast of Oregon and that the prevailing 
ocean currents there were toward the south. He concluded tha t 
ocean currents had little to do with the phenomenon. Mr. Johnson 
replied that the Japanese current was not a deciding factor, that 
the waves come from the northwest and cause a southward d rift 
which does result in deposition along the north je tty  of an intake.
Mr. Merkys asked a question about the modes of transport to 
which Mr. Johnson replied that sand was transported as bed load
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and in suspension, and that the former tends to pull material in to
the beach and the la tter to carry it out. The net effect may be either
in combination with the littoral drift.
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WIND-TUNNEL STU D IES OF TH E MOVEMENT 
OF SEDIM ENTA RY M ATERIAL
By
A. W .  ZlNGG 
Soil Conservation Service, M anhattan, Kansas
Knowledge of the characteristics of sand and soil movement by 
wind is basic to the design of measures to cope with the wind ero­
sion problem. The need for the scientific approach tends to become 
greater with the passing of time and the increasing need to control 
and utilize our resources to the fullest.
Studies of the movement of sedimentary materials by wind have 
been quite limited in comparison to those using water as the fluid 
medium. Bagnold [1, 2] has made comprehensive studies of the 
movement of sand by wind. Also, Chepil [3, 4, 5] has reported 
on the movement characteristics of soil granules. A review paper 
on the subject has been published by Malina [6], Differences in the 
nature of particle movement in air and water have been discussed 
by Kalinske [7]. His analysis leads to the conclusion that the height 
of bounce of sand grains in water will be about 1/800 of that in air 
for equal values of shear. In  1947, von K arm an [8] published a 
speculative evaluation of the phenomenon of surface ripples in 
wind. The rotation characteristics of sand grains as they are moved 
in the saltation process by wind have been clarified through high 
speed photographic studies and reported by Zingg [9].
The research presented here is largely exploratory and has been 
in progress only a short time. The development of equipment and 
experimental techniques suitable for the study of movement of sedi­
mentary materials by wind constitutes a problem of considerable 
proportions. Any deficiencies will be reflected in experimental data. 
No attempt has been made to make a dimensionless presentation of 
experimental results. The data presented are a portion of those con­
tained in a m aster’s thesis by the author [10], Acknowledgement 
is made to N. P. Woodruff of the project staff for his assistance in 
carrying out the research.
i l l
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E x p e r i m e n t a l  E q u i p m e n t
A laboratory wind tunnel was employed to provide an air stream 
for the study of moving sand. Briefly, the wind-making equipment 
comprises a governor-controlled gasoline engine and a heavy-duty 
axial-flow type ventilating fan. Control of air movement is effected 
partly  by changing the speed of the engine and partly  by an adjust­
able vane inlet. F or normal operating ranges the engine is run  at 
a constant speed and control is obtained with the adjustable air- 
intake device. The air flow from the fan blades is redistributed and 
evened out by a series of screens in a metal transition section con­
necting the fan to the duct. A honeycomb-type air straightener is 
located in the upper portion of the duct immediately below this 
transition section. The duct of the tunnel is 56 feet long and 3 feet 
square. The tunnel and characteristics of velocity distribution de­
veloped throughout the length of the duct have been described pre­
viously [11].
A special P ito t tube was constructed to measure wind velocities 
above sand surfaces in the tunnel duct. The impact portion of the 
tube was a hypodermic needle with a 0.5 mm. inside diameter. Con­
trol of height for traverses above sand surfaces was accomplished 
by clamping the vertical brass tubing to a graduated vernier-type 
point gage.
A n alcohol manometer inclined at a 1 :20 slope was used to regis­
ter air-velocity pressures. This manometer was constructed in the 
laboratory for general use. I t  was calibrated by use of a Dwyer 
hook gage employing an air stream to develop velocity pressures. 
Values of wind velocity obtained are for standard temperature and 
atmospheric pressure conditions; i.e., 70°F. at sea level.
One of the variables in sand movement by wind is the value of t0, 
the average shear or drag of the wind on the surface. Its  indirect 
determination from velocity traverse is often difficult or proble­
matic. As an aid in determining its true value for a given condition, 
equipment was constructed to measure it directly. A 4-inch layer of 
2-6 mm. gravel comprised the " floo r”  of the tunnel. A metal tank 
18 inches wide and 8 feet long was recessed into this bed of non- 
erodible gravel. A smaller tank to be placed inside the other with 
approximately f-inch clearance on the sides and f-inch clearance 
on the ends was also constructed. This second tank was 3 inches in 
depth. Its  surface area was 11.5 square feet. W ater was used to 
float the smaller tank. I t  was partia lly  filled with insulating board
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to give it buoyancy sufficient to carry a layer of experimental sand. 
When properly weighted the floating tank formed a “ shear t r a y ” , 
simulating an integral portion of the bed. The horizontal drag of 
the wind on the tray  was transm itted to a small spring scale placed 
outside the tunnel by use of thread passing over fiber pulleys. The 
scale registered the value of to in grams.
Equipment to collect quantitative samples of airborne sediment 
at four heights was developed. The device was designed for use 
either in the laboratory or field. The sampler has been described in 
a previous publication [12]. Briefly, the average velocity of intake 
of the 0.92-inch square sampling tubes is controlled to equal the 
velocity of the sediment-laden a ir stream at the level of sampling. 
Separation of sediment is made by a system of filters.
P r o c e d u r e
Several cubic feet of sand of varying size were obtained by dry  
sieving a water-deposited sand collected near the Arkansas River 
in south-central Kansas. The sands are predominantly quartz. The 
grains tend to be smooth, well rounded, and approximately spheri­
cal in shape. The five size separations obtained are shown in Table I.
S c r e e n  S e p a r a t i o n  S i z e  R a n g e s  a n d  A v e r a g e  D i a m e t e r s  o p  S a n d , i n  m m .
The sands were placed on trays 18 inches wide along the center 
line of the bottom of the tunnel. The horizontal length of exposed 
sand varied from 16 feet for the smallest to 32 feet for the largest 
size used. The lower 8 feet of the exposed sand area was contained 
on the shear-measuring device. W ind velocities above a point near 
the center of the shear tray  were obtained by use of the small pitot 
tube described previously. Sand passing the lower end of the shear 
tray  was sampled by use of the increment sampler.
Tests were first made on each of the graded-sand surfaces after 
they had been stabilized to drifting  from wind action by use of a 
fine water spray. Velocity traverses were made over each stabilized 
sand surface for five levels of wind movement. The base of height
T A B L E  I
Screen separation A verage size
0.15-0.25
0.25-0.30
0.30-0.42
0.42-0.59
0.59-0.84
0.20
0.275
0.36
0.505
0.715
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measurements was the average center elevation of the grains com­
prising the bed surface. An arb itrary  total pressure measured in 
the transition section between the fan and the duct provided an in­
dex for the systematic variation in the level of wind movement. The 
location of this arb itrary  pressure, designated P i, and its relation to 
velocity and bed shear has been described and published previously 
[13], Direct measurement of the horizontal shear on the bed was 
obtained for each level of wind applied.
The sands were next studied in a dry  state by subjecting them 
to several intensities of shear wherein movement occurred over the 
entire bed. The surface was permitted to erode for a time of two 
minutes. D uring this time a velocity traverse was made over the 
moving bed above the shear tray. The four-increment sampler was 
operated during each two-minute period to determine the quantita­
tive distribution of moving particles with height.
F our observers were required to operate the tunnel and obtain 
experimental data over the moving sand surfaces. The first operated 
the wind tunnel and controlled the level of wind movement. The 
second made a velocity traverse of the sand-laden air stream. The 
th ird  read and recorded velocities during the traverse above the 
bed and the drag indicated by the dial of the shear-measuring scale. 
The fourth  was required to control the air intake of the sand sam­
pler.
Insofar as possible the experiment was carried out on a routine 
basis. A fter each two-minute test period the sand bed was leveled, 
the shear tray  re-oriented, and the average bed elevation determined 
for a subsequent test and velocity traverse. The sand collected by 
the sampler was removed and weighed after each test.
D ata relative to the height and spacing of surface ripples formed 
at various levels of t0 were determined [10], Because of space limi- 
ations, these results are not included in the present paper.
E x p e r i m e n t a l  R e s u l t s
Velocity Distribution and Shear Over Stable Sand Surfaces
As presented by Rouse [14], the steady and uniform flow of fluids 
over rough surfaces is approximated by the general equation
u =  C log —
2/i
in which u is the velocity at any height y, and y i is a reference para­
meter equal to the value of y at which the curve intersects the i/-axis.
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The coefficient C represents the slope of the curve and, according
f t  9 ^ / Tn
to von K ârm ân’s development [15], is equal to /  — , in which
k V  P
TO
is the velocity gradient or friction velocity, t 0  is
/ '
the term /
V
the average surface drag of the wind per un it area of surface, p is 
the mass density of the fluid, and k is the universal constant for tu r ­
bulent flow. Experiments by Nikuradse [16] have shown the value 
of k to be 0.40 for clear fluids.
The roughness elements of the surface have been found by Gold-
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/F i g . 2 .  C o m p a r i s o n  o f  A p p a r e n t  a n d  M e a s u r e d  S h e a r  V a l u e s  O b t a i n e d  
f r o m  S t a b i l i z e d  S a n d  S u r f a c e s  o f  D i f f e r e n t  R a n g e s  o f  S a n d .
stein [17] and W hite [18] to be within a laminar sublayer if the 
Reynolds number of the boundary layer,
R _ d V t0/p
V
is less than a critical value of 3.5 or 4. In  this expression, d is the 
grain diameter and v is the kinematic viscosity of the fluid. I f  the 
critical value of R is exceeded, the laminar layer is disrupted com­
pletely and the rough-boundary equation appears to hold, within 
the region of the roughness elements comprised by the surface.
The present research considers only flow and surface conditions 
above the critical value of R. The experimental results provide an 
opportunity  to check all factors in the rough-boundary equation 
for surface roughness composed of several size-ranges of sand.
A sample plotting of the distribution of velocity over the 0.30-0.42 
mm. sand surface is given in Fig. 1. The family of lines drawn 
through the points indicating the variation of velocity with height 
for varying average wind velocities is shown to converge to a val­
ue of y 1 equal to 0.00009 feet, or 0.0274 mm. The apparent shearing
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force on the surface is calculable from the von K arm an equation 
by its use in the form
-ui= 5.75 Vto /p  log (y /y i )
I f  for y  =  30y lt u — u", the equation becomes
u" — 8.5 Vto/'p or t 0 =- Ci (it")2
The surface drag r0 was read in units of grams per 11.5 square 
feet of area of the shear-measuring device and velocities were re ­
corded in miles per hour for the experiment. To determine the ap­
parent shear for these dimensional units
to =  0.362 {u") 2
The agreement between measured and calculated shear provides 
a check on the validity of the use of the value k — 0.40 in the von 
Karm an equation. This agreement is shown graphically in Fig. 2. 
Calculated and measured shear are equal for an average of the data. 
The standard deviation between them is ±  2 grams. The standard 
error or the range within which the true value lies is T0(meas.) 
=  t 0 (calc.) ±  0.41 grams.
I t  has been assumed by Bagnold [2] that the value of y\ is ap­
proximately equal to 1/30 the diameter of sand grains on the bed. 
White [18], however, has obtained values of approximately 1/9. 
The results given in Table I I  were obtained in the present experi­
ment.
T A B L E  I I
d
V a l u e s  o f  a n d  —  f o b  V a r i o u s  S i z e s  o f  S a n du 1 ni.
A verage diam eter Value of R atio
of sand (d ) Vi d
(mm) (m m ) Vi
0.20 0.0046 43.5
.275 .0137 20.1
.36 .0274 13.1
.505 .0366 13.8
.715 .0487 14.7
A plotting of the above data is shown in Fig. 3. The value of yi 
apparently varies as the log of grain diameter. An average relation­
ship is
yi =  o .osi log ^
cl
The fact that — decreases rapidly with grain sizes above 0.2 mm
y  i
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r a t i o  ■  \
F i g .  3 . R e l a t i o n s h i p  o p  yx a n d  d /y1 t o  A v e r a g e  G r a i n  D i a m e t e r ,  d.
may account for the variable results obtained by various investi­
gators. A reversal from a minimum value of approximately 14 is 
shown to take place as the grain diameter increases beyond 0.5 mm.
Velocity Distribution and Shear Over Drifting Sand Surfaces 
The distribution of wind velocity above a moving bed of sand has 
been found by Bagnold [2] to be of the type
u =  C log —, +  «'
y
where u is the velocity at any height y, and y  is the height at which 
the velocity distribution curves project to a focal point at a velocity 
u'. As over the stable sand surfaces, C is a coefficient representing 
the slope of the lines and has been assumed by Bagnold to be equal 
to 5.75 V t 0/ p.
From  studies of the results of the present experiment, it became 
apparent early that the velocity distribution curves approximated 
a curved shape near the bed. This result is at variance with the ve­
locity profiles obtained by Bagnold. From  studeis of photographs 
it was also evident that drifting sand had lateral components of 
movement and that a considerable portion of it was drifting beyond 
the 18-inch width of the sand bed. This dispersion and non-uniform 
distribution of drifting  sand across the width of the tunnel duct 
obviously affected the direct measurements of to on the 18-inch 
floating tray  at the lower end of the sand bed. A secondary experi­
ment was performed subsequently to clarify the phenomenon. A 
16-foot length of the 0.15-0.25 mm sand was placed to occupy the 
full 36-inch width of the tunnel. Velocity traverses over the drifting 
sand were made not only in the center but at locations 3 inches from
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either side of the shear tray. These were averaged for purposes of 
calculating shear. The procedure was repeated four times, holding 
the fan pressure constant, making a total of 12 traverses. The sand 
was leveled before each test and the measured level of shear on the 
tray  was obtained 12 times.
Velocity traverse data from the supplementary experiment are 
given in Fig. 4. A n average velocity distribution curve has been 
fitted to the data. The average of measured shear values was 24.1 
grams per 11.5 square foot area of shear tray. The standard  devia­
tion of . the measured value was ±  1.92 grams. Calculating shear 
from the straight upper portion of the velocity-distribution curve, 
using a value of C =  5.75 V r0/p, wherein k, the universal constant, 
is assumed to be equal to 0.40, yielded an apparent shear value of 
27.4 grams per 11.5 square feet area of shear tray. The measured 
and apparent values of t 0 , therefore, differ significantly. I t  is appar-
http://ir.uiowa.edu/uisie/34
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ent that a value of k <  0.40 is indicated by the results of the ex­
periment. An approximate value of k =  0.375 is in close agreement 
with fact and is used subsequently in calculating apparent shear for 
the main body of experimental data obtained for sand drifting  
conditions. Employment of the value of k — 0.375 modifies the val­
ue of 0  in the velocity distribution equation to 6.13 V to/ p and the 
equation becomes
u =  6.13 Vto / p  log u'
A plotting of all velocity distribution data from traverses above 
the surfaces is presented in Fig. 5. The velocity profiles over a given 
sand for varying wind forces do not follow the straight-line semi- 
logarithmic relationship for values of y  below an elevation of ap­
proximately 0.05 feet, or 1.5 cm., above the average elevation of the 
bed. They tend to show a curved convergence, without crossing, to 
values of y  much nearer the bed.
The projected focal point (?/, u') appears to bear a relation to 
grain size. In  Fig. 5 it has been located with values of i/' =  10 tZ and 
u' — 20 d, y' and the grain diameter d  being measured in millimeters, 
and u' in miles per hour. These values, with the exception of those 
for the largest size sand, appear to fit the data quite well. The four 
traverses made on the 0.59 to 0.84 mm. sand are not conclusive in 
defining a possible “ focal po in t”  for the velocity distribution with 
height. The experimental data are limited to four traverses asso­
ciated with a limited range of wind force. Additional data were not 
secured due to the extreme difficulty of m aintaining control of ele­
vations of the shear-measuring device with this relatively large 
size of drifting sand.
The drag measurements for the drifting  surfaces were subject 
to a relatively large error due to the mechanical difficulties involved 
in floating a tray  in the environment of moving sand. I t  was found 
that the measured horizontal components of shear averaged 76.7 
percent of the values obtained indirectly from the velocity profiles. 
The coefficient of variation was ±  11.6 percent. This difference be­
tween apparent and measured shear appears reasonable in view of 
the dispersion of sand flow beyond the 18-inch limit of the bed. A 
few measurements of the proportion of sand traveling outside the 
limits of the shear-measuring tray  at the end of the bed showed it 
to be within the range of 15 to 29 percent.
During the process of sand drifting  it appears that little of the
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direct force of the wind is expended on the bed. I t  appears, rather, 
tha t the energy of the wind is transm itted to the entrained sand 
grains above the approximate elevation of the projected focal point. 
The sand grains in tu rn  transm it a portion of the energy they have 
gained from the wind to the bed. The velocity obtained by the grains 
propelled from the bed to the upper portion of the sand cloud is 
apparently  greater than the velocity of the wind near the bed. As 
these faster-moving grains descend to the bed they tend to speed up 
the air moving comparatively slowly near the bed. This appears to 
be a cause of the superfluity of velocity over the straightdine pro­
jection obtained from the relationship existing at greater heights. 
Again, it  is possible that the effective density of the air stream is 
increased by the entrained sand.
Initiation of Particle Movement
There has been much confusion concerning the average velocity 
or force required to initiate particle or bed movement of sand. 
Nearly all graded sands have particles varying somewhat in size, 
shape, and density. Again, the fluctuations of force on a grain on 
the bed are statistical and experimental differences are to be ex­
pected. Bagnold [2] gives “ im pact”  and “ fluid” threshold values 
for various sizes of sand. His “ im pact”  threshold was obtained by 
initia ting  a sustained saltation movement by dropping sand on the 
bed near the upwind end of a tunnel. The value of adding kinetic 
energy to the bed to initiate particle movement and to determine 
a “ threshold”  value associated with it is not clear. Chepil [4] rec­
ognizes the spread of values that may be obtained for visual deter­
minations of “ fluid”  and “ im pact”  threshold and uses the descrip­
tions minimal and maximal to define various phases of the phe­
nomenon.
In  working with the relatively large beds of sand of various size 
gradations, it was apparent that the movement of particles on or 
above the bed was a quite variable and unsteady phenomenon if 
the force approximated that at which bed movement occurred. In 
an attem pt to secure a definable value at which bed movement oc­
curred, the device of determining trend  lines of force over stabilized 
and drifting  beds was used. The arb itrary  fan pressure Pi  used as 
an index to tunnel operation was found to be directly proportional 
to the force r0 over given stable or d rifting  surfaces, as determined 
for the velocity distribution over the surfaces.
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^ = FAN PRESSURE (ins. of water)
F i g . 6 . T r e n d s  o f  A p p a r e n t  S h e a r  O v e r  S t a b l e  a n d  D r i f t i n g  S a n d  S u r ­
f a c e s  i n  R e l a t i o n  t o  a n  A r b i t r a r y  F a n  P r e s s u r e ,. T h e . I n t e r s e c t i o n  o f  
t h e  T r e n d  L i n e s  f o r  a  G i v e n  S i z e  R a n g e  o f  S a n d  Y i e l d s  t h e  S a l t a t i o n
T h r e s h o l d  S h e a r .
Trend lines giving the relation between P 1 and t 0  for the vary ­
ing stable and drifting surfaces are given in Fig. 6. The trend  lines 
were determined by multiple regression procedures employing the 
method described by Ezekiel [19]. The equation approximating the 
relation over stable surfaces is
to =  71.4 P jd 0-4
in which t 0  is in grams of force per 11.5 square feet of bed, P j is
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the fan  pressure in inches of water, and d  is the average diameter 
of the sand in mm. The index of correlation is B  —  0.917.
The relation obtained over the drifting surfaces was 
t 0 =  175 P i  — 54 d °-51 
in which the units of measurement are the same as given for the 
stable surfaces. The index of correlation was B  =  0.824.
The point of intersection of the force lines for stable and d rif t­
ing surfaces appears to represent the best estimate obtainable of a 
“ saltation threshold”  for grains of a given diameter. Since it was 
obtained from force levels for which sustained drifting occurred, 
it would be somewhat in excess of values for which a few particles 
d r if t  or roll in term ittently  on the bed.
Values of the “ saltation threshold”  determined from the inter­
section of the force lines of Fig. 6 are shown in Fig. 7. The plotted
F i g . 7 . A p p a r e n t  T h r e s h o l d  S h e a r  R e q u i r e d  t o  I n i t i a t e  a n d  S u s t a i n  S a n d  
M o v e m e n t  f o r  a  R a n g e  o f  G r a i n  D i a m e t e r s  E x c e e d i n g  0 .2 0  m m .
values are in units of t s  equivalent to pounds per square foot of 
bed-area and d in mm. The approximate relationship is
tg =  0.007 d
Bagnold [2] and Chepil [4] have used an experimental coefficient 
in a dimensionless formula to describe a threshold velocity. The ex­
pression is
ut — A  V p g d
in which ut equals the threshold velocity V t 0/p, P is the apparent 
density ratio (a-p) //>, (<r being the density of grain and p the density 
of air) , and A  is an experimental coefficient. The value of A  was
http://ir.uiowa.edu/uisie/34
found by Bagnold [2] to be 0.1 for nearly uniform sand grains of 
diameters >  0.2 mm. Chepil [5] obtained values of A  ranging from 
0.09 to 0.11 for the “ maximal condition.”  The value of A  for the 
saltation threshold described in the present experiment is 0.116. 
Shields’ [20] value of a in the expression
_ To/p 
“ J3ffd
is equivalent to the square of the coefficient A  in the formula used 
by Bagnold. Shields’ plot of the dimensionless function a to the 
Reynolds number of the flow arounjJ grains in water gave values 
of a equal to approximately 0.032 to 0.05 in the turbulent range. 
A value of A  =  0.1 is equivalent to a =  0.01. For reasons which 
have not been explained, the values of a found in water are greater 
than those found in air. A discussion of this subject is given by Bag­
nold [1],
Distribution of Sand Flow Above the Bed  
A plot of the weight of sand collected in a two-minute period by 
the 0.92-inch square openings of the collection device over the 0.20- 
mm. sand is shown in Fig. 8. The plottings in the upper half of the
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T A B L E  I I I
B a s i c  D a t a  f o r  D r i f t i n g  S a n d  S u r f a c e s .
TO n a c <1 yu a Q
0.25 0.00437 0.243 2.10 0.891 9.2 0.210 97.5
.30 .00536 .255 2.70 .891 21.6 .229 99.6
.47 .01225 .265 3.50 .891 52.5 .251 99.0
.67 .01847 .245 4.15 .891 145.3 .227 97.4
.34 .00688 .230 2.70 .891 31.5 .211 97.2,
.445 .01056 .240 3.30 .891 63.3 .228 96.0
.495 .01175 .265 3.50 .891 52.5 .252 99.0
.525 .01309 .249 3.70 .891 82.5 .222 99.5
.575 .01577 .259 3.90 .891 85.3 .236 99.6
.63 .01610 .250 4.20 .891 138.8 .235 97.0
.375 .00822 .239 2.95 .891 39.0 .216 98.6
.29 .00519 .238 2.30 .891 14.1 .216 97.5
.425 .00907 .209 4.70 1.80 45.0 .373 97.0
.55 .01208 .213 5.3 1.80 73.1 .371 97.7
.715 .01861 .230 6.35 1.80 121.9 .413 97.4
.81 .02012 .230 7.15 1.80 199.7 .403 99.5
.29 .00452 .194 3.75 1.80 18.0 .333 98.0
.41 .00839 .215 4.70 1.80 40.3 .381 97.8
.485 .01006 .217 5.35 1.80 72.2 .391 99.2
.66 .01392 .230 6.6 1.80 146.3 .423 96.6
.76 .01778 .230 7.0 1.80 187.5 .423 96.5
.36 .00638 .391 4.75 .80 45.2 .438 95.7
.445 .00956 .399 6.07 .80 79.3 .460 95.3
.55 .01006 .41 6.75 .80 101.3 .462 95.6
.68 .01359 .398 8.0 .80 161.3 .465 95.2
.76 .01610 .404 9.3 .80 218.4 .474 95.2
.72 .01476 .404 8.6 .80 178.1 .464 95.2
.645 .01376 .393 7.4 .80 138.9 .446 95.2
.52 .01157 .404 7.1 .80 114.4 .490 93.4
.44 .00907 .396 5.82 .80 92.8 .463 94.0
figure are for heights y  in inches above the average bed level, given 
on the right-hand vertical scale. These heights of the midpoint of 
the sample tubes were 0.625, 2.875, 5.625, and 9.625 inches, respec­
tively. Approximate trend  lines for 12 levels of Pi  are drawn.
An approximate power function of sand loss with height is
where x =  grams of sand collected by the 0.92-inch square sampling 
tube in two minutes, a is a coefficient of variation, n is the slope of
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T A B L E  I I I  (Cont.)
To n a c 1 V** a Q
0.435 0.00839 0.544 6.9 0.512 68.4 0.667 88.5
.52 .01108 .576 10.8 ■ .512 131.3 .831 86.5
.66 .01578 .599 14.1 .512 180.0 .912 87.1
.76 .01712 .631 18.8 .512 248.4 1.181 85.0
.91 .02517 .599 22.9 .512 403.1 .80 87.8
.51 .00956 .577 10.2 .512 116.3 .794 87.8
.59 .01459 .595 12.8 .512 159.4 .996 83.8
.45 .00922 .547 7.4 .512 76.9 .685 89.8
.84 .02047 .613 20.5 .512 312.2 1.079 85.6
.85 .01610 .682 24.5 .509 300.0 1.743 80.5
.985 .02600 .756 37.0 .250 539.1 1.891 75.0
.78 .01493 .716 20.0 .364 231.6 1.714 78.5
.905 .02373 .757 32.0 .235 452.8 1.808 75.2
d =  Average g ra in  d iam eter in  mm.
P j  =  A rb itra ry  fan  pressure in  diffuser section in inches of water, 
ro =  Average surface d rag  in  lbs. pe r sq. f t .  of bed area , based on a  value of 
f c =  0.375.
a ! / "
n, a, and c =  values in equation x  =  ( _^|_e ) where x =  g ram s of sand col­
lected per 0.92-inch square sam pling tube per two-m inute period a t  
height y in inches above bed. 
q =  R ate  of sand flow in lbs. per f t .  w idth of bed pe r hour. 
ya =  Average height of sand flow in  inches.
Q =  P ercen t of to ta l sand flow carried  below a height of 10 y a.
the sand loss-height function, y  the height in inches above the bed, 
and c a constant. The value of c required to satisfy the above equation 
was obtained by use of residual equations as described by Lipka [21]. 
A value of c =  0.891 inch satisfies the equation approximately for 
the 0.20 mm sand. A plot of values of x at y  +  0.891 is shown in 
the lower half of Fig. 8. I t  will be noted tha t a poor fit of the lines 
is obtained at the level j/ —(— c =  10.52 inches. Due to the expanded 
nature of the scale this involves little error upon subsequent inte­
gration of the function. I t  is of interest that the slope is variable 
for different values of P i. This demonstrates tha t as the flow of 
sand increases a greater proportion of it is carried at given heights 
above the bed.
Values of n, a, and c found in the generalized formula for all 
sizes of sand are shown in Table III .  Values of both n and « increase 
with sand size.
http://ir.uiowa.edu/uisie/34
Rates of Sand Flow
The area under curves similar to those of Fig. 8 will be propor­
tional to sand loss for a vertical section equal to the width of the
0.92-inch square sampling tubes. This quantity A  can be found 
by integrating the expression
I f  A  is in units of inch-grams obtained directly from the plotting 
of data as shown in Fig. 8,
in which q is in units of pounds of sand flow per foot width of bed 
per hour and t is the time of sampling in minutes.
Rates of sand flow calculated by the method described are given 
for various values of P i and t 0  in Table II I .  The average trend of 
sand loss with r0, as determined by multiple regression, is
in which q is in units of poimds per foot width of bed per hour, d 
is in mm, and t 0  is in pounds per square foot of bed area. The value 
of the index of correlation is 0.977.
Bagnold [2] found the rates of sand flow in a wind tunnel for 
grains from 0.1 to 1 mm in diameter to be
in which q represents the weight of sand moving along a lane of unit 
width per un it time, d /D  is the ratio of sand of a given diameter d 
to a 0.25-mm standard  sand. His values of G were 1.5 for a nearly 
uniform sand, 1.8 for a naturally  graded sand found in dunes, and 
2.8 for a sand with a very wide range of grain size. Chepil [5] found 
that the value of C in the above formula developed by Bagnold 
varied from 1 to 3.1 for movement of soil particles less than 0.84 
mm in diameter.
The present experimental results, expressed in the form of an 
equation similar to that of Bagnold [2], yield the expression
between the limits of 0 and infinity for y, as follows:
1.875 A
g =  175(103) d3/4 r03/2
q ^ C  ( d / D ) 1/2 ~  (r0/ p ) 3/2
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/  d  \  •/*P 
3  =  C ( - )  ( W  p ) 3/2\  D '  g
The value of C <= 0.83. This result indicates a considerably smaller 
rate of sand flow than has been obtained from previous experiments. 
This study has taken into consideration saltation movement only, 
and integration of the power function used to estimate rates of flow 
may miss some sand moving at or near the bed level. Again, it  is 
believed that the w rite r’s interpretation of to is such tha t greater 
values are obtained for a given condition. This would have the ap­
parent effect of making the rate of sand flow relatively low.
I t  is of interest that the increase in the rate of sand flow with 
grain diameter has been found to be greater than indicated by p re ­
vious investigators. In  this connection it should be remarked that 
the turbulent boundary layer has not been developed to the maxi­
mum height of sand movement in any research to date. In  the pres­
ent experiment a few grains of the 0.715 mm. sand bounded to the 
top of the 3-foot tunnel duct. I t  seems obvious that the size and ge­
ometry of the tunnel duct as well as the depth of the turbulent 
boundary layer are factors affecting experimental results concern­
ing rates of sand flow.
Average Height of Saltation
The height in inches above the bed y a, above and below which 
equal amounts of sand were transported at the end of the bed, can 
also be estimated. The area under the curves of Fig. 8 between 0 
and y  can be expressed as
If  y a designates the value of y  for which A v —  A /2 ,  the preceding 
expression reduces to the form,
Values of y a obtained from the above expression are given in Table 
III .  They are plotted in relation to t 0  in Fig. 9.
An equation for the average height of saltation and sand move­
ment is
in which y a is the average height in inches, d  is grain diameter in mm, 
and to is in units of pounds per square foot of bed area. A dash line,
n
2/a =  7.7 d 3^ to1/4
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F i g .  9 . A v e r a g e  H e i g h t  o f  S a l t a t i o n  S a n d  M o v e m e n t  i n  R e l a t i o n  t o  
A p p a r e n t  S h e a r  a n d  S a n d  S ize ,.
indicating the value of the saltation threshold t s ,  above which the 
expression is applicable, is also shown in Fig. 9.
D i s c u s s i o n  o f  R e s u l t s
The laboratory study of a natura l phenomenon such as the one 
carried out here represents a highly artificial condition. The inten­
sity of turbulence for wind tunnels can differ greatly from that of 
natu ra l wind. Also, the boundary conditions common to a square 
duct vary greatly from those associated with atmospheric condi­
tions. The results indicate tha t equilibrium flow conditions are ap­
proached over stable sand surfaces. This is not the case over the 
drifting  surfaces as the height reached by the saltating grains exceeds 
the depth of the turbulent boundary layer. I t  would be impractical 
or impossible to build a tunnel wherein the field phenomenon could 
be approximated closely.
A technique of directly measuring shear over stable sand surfaces 
proved successful. The value of the universal constant k >= 0.40 in 
the rough boundary equation for clear fluids was confirmed experi­
mentally. I t  is of interest that the reference parameter yi, or the 
height at which the logarithmic equation intersects the y  axis at a
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projected point of zero velocity, was found to be a logarithmic func­
tion of grain diameter. This apparent fact may explain the variable 
results obtained by different investigators in past research.
The shape of the velocity profiles obtained over drifting  surfaces 
varies from those secured by Bagnold [2], The shape, however, 
parallels the results secured in water sedimentation research by 
Vanoni [11]. Tt appears that the value of the universal constant 
k in the logarithmic equation for flow over drifting  surfaces is 
<  0.40. While a value of k =  0.875 has been used in the analysis 
of data for this experiment, it is possible that the actual value varies 
with the rate of sand flow and for beds formed by grains of different 
diameter.
A technique for determining a definable saltation threshold ve­
locity or shear was developed. Past methods have been dependent 
upon visual observation and subject to personal error or judgment. 
The general level of the saltation threshold approximated that found 
in research by others. I t  is interesting that a greater bed shear is 
apparently required to move beds of sand grains in water than in 
air.
Equations were developed to define the distribution of drifting 
sand with height above the bed. Integration of the weight of sand- 
height function provides a method for estimating the total saltation 
sand flow. The procedure, however, may miss some sand flow char­
acterized as bed movement. Since quantities of flow are substantially 
below those obtained by prior investigators this is possibly the case. 
I t appears that the only way to determine the total movement ac­
curately is to make direct weighings of the bed before and after 
movement occurs. This is virtually impossible for the large beds of 
sand used in the present experiment. Again, it would be desirable 
and possibly profitable to re-run the experiment with sand occupy­
ing the entire 36-inch width of the tunnel. The lateral dispersion 
of drifting sand from the 18-inch experimental width was not an­
ticipated when the experiment was designed.
One of the difficulties associated with the experimental procedure 
was the rather involved technique of measuring a large number of 
variables simultaneously. Any one of the several measurements of 
the various phenomena are subject to rather large experimental 
error.
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D i s c u s s i o n
[At the close of Mr. Z ingg’s talk, he presented a remarkably in­
formative slow-motion moving picture of particles in saltation. Some 
of the ensuing discussion refers to this film.]
Mr. Rand complimented Mr. Zingg on his contribution to the 
studies of the transport of sediment by flowing air. As the study 
of the velocity distribution is im portant in the paper, he felt his 
investigation of the velocity distribution in open channel flow over 
relatively rough, fixed surfaces to be relevant. He referred to the 
logarithmic velocity distribution as given by the formula
u 2.3 y  
~  =  log
V  t 0 /  p  k y'
I f  this formula is to be used, it is necessary to know the reference 
elevation of the bed and the values of y' and k.
Mr. Rand found that the bed elevation and the value of y' depend 
only on the roughness size and geometry and are invariable for a 
given roughness. The factor k also proved to be a function of the 
roughness size and geometry and of the relative roughness d/yo- 
W ith decreasing relative roughness, k increased and approached
0.40 as limit. F or instance, k for J-in. square-strip roughness spaced 
a t 1-inch intervals on the bottom of the channel was 0.30 for
— =  0.3 and 0.37 for —  =  0.003. However, for the roughness 
y  o Vo
formed by ordinary fly-screen k proved to be 0.37 to 0.40 even for
the — values up to 0.06. This difference is caused by the differ- 
2/o
ence in geometry.
His results and those of Mr. Zingg are comparable, even though 
the roughness in Mr. Z ingg’s experiments was that of a moving 
sand surface. F or the stabilized surface of fine sand the relative 
roughness was very small and the limiting value k —  0.40 could be 
expected. F or drifting  sand the relative roughness was considerably 
increased by the ripple formations which changed the shape and 
geometry of the sandy surface. The k value in this case is consider­
ably lower than 0.40. Moreover, with increase in mean velocity, the 
size of ripples increased and y' increased as a function of surface 
geometry. This is shown in the crossing of lines on the semi-logarith­
mic velocity plot, indicated as a focal point by Mr. Zingg. The curva­
ture of the semi-logarithmic velocity line near the bottom could be
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decreased by the proper choice of the bed elevation, which would be 
different for various shapes and sizes of ripples.
As the result of both investigations, it seems that A: is a variable 
not only in sediment-bearing flow but in clear flow as well, and even 
if the effects of sediment are not considered, the variation of k can 
be at least partially  explained by changes in relative roughness and 
roughness geometry. Of course, much more research is necessary 
for definition of the law of variation for k.
Mr. Leopold was particularly  interested in possible applications 
of Mr. Z ingg’s studies to the geomorphology of the Mississippi River 
Valley. Though the deposits in that region were made prim arily 
by flowing water, perhaps the determinations of the effects of air 
flow might be related. Also, the study has interesting applications 
in the formation of the sand dunes and loessial deposits in the cen­
tra l United States.
Mr. Coldwell remarked that from his experience in the dust bowl 
he noted that a sand storm, as distinguished from a dust storm, 
seemed to s tart a t an air velocity of 18 miles per hour. He asked 
Mr. Zingg if his observations would bear this out.
Mr. McNown was concerned with the method of sand transport, 
whether by suspension or saltation, that is, by a series of projectile- 
like movements. He agreed with Mr. Zingg that the la tter was prob­
ably the most common form of transport.
Mr. Christiansen asked about the angular deviation of the sand 
movement as shown in motion pictures. He also inquired concern­
ing the symmetry of the pattern  about the center of the flow.
In  reply to Mr. Coldwell, Mr. Zingg said that in the field all sizes 
of bed material were present, ranging from fine sand to ra ther large 
gravels and that the beginning of movement was different for each. 
Also, the method of experimentation was quite different from nor­
mal atmospheric conditions and that comparisons were difficult. 
He did indicate that his observations indicated a beginning of sand 
movement when the wind velocity 2 feet above the field reached 8 
miles per hour on the average, with some gusts. W ith regard  to the 
method of movement he indicated that the particles in many cases 
began their movement by jum ping into the flow, then on re tu rn  to 
the bed struck other particles. They then might jum p in any direc­
tion, even transverse to the flow. Those which rose high above the bed 
received a greater forward impetus from the moving air. In  answer
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to Mr. Christiansen, Mr. Zingg indicated that the picture was taken 
along the center of the flow.
Mr. Baines pointed out by letter some recent developments in 
boundary-layer work with which the author may not have been ac­
quainted. Schultz-Grunow, Klebanoff and Diehl, W ieghardt, and 
Baines have measured the velocity distribution on a smooth plate 
and Moore has measured it on rough plates. The results have been 
cited and correlated by Mr. Baines in a recent publication [22]. I t 
has been concluded from these investigations that the logarithmic 
velocity distribution does not apply to the boundary layer for 
yjS  >  0.3, although the parameters used in the logarithmic-velocity 
distribution do describe the flow. Consequently, k does not appear 
to have any significance.
Mr. Baines maintained that evaluation of the shear from the mo­
mentum equation prior to a comparison with the measured values 
would leave only those inconsistencies due to experimental inaccura­
cies and would eliminate the apparent divergencies noted in the 
paper. Until the properties of the turbulence in the boundary layer 
can be measured accurately and correlated to the mean flow, the 
analysis of the velocity distribution and sediment transportation 
cannot proceed beyond the present state.
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SOME E F F E C T S  OF SUSPEN D ED  SEDIM ENT ON FLOW  
CHARACTERISTICS
By
V it o  A. V a n o n i  
California Institute of Technology, Pasadena, Calif.
I n t r o d u c t io n
Despite the steady advance in our knowledge of the mechanics 
of sediment transportation in the last two decades, there is still no 
theory tha t is completely satisfactory for engineering purposes. 
W ith present theories it is not possible accurately to predict the 
load under equilibrium conditions, and problems concerned with 
non-equilibrium conditions can hardly be treated at all because of 
their extreme difficulty. For instance, the elementary aspect of re­
sistance to flow of a sediment-carrying stream is complicated by the 
fact that not only does the boundary configuration change with sedi­
ment transportation rate, bu t so does the internal turbulence, mo­
mentum transfer, and hence the shear. Once it is realized how long 
it has taken to bring the much simpler problem of resistance of 
clear fluids to the present state of knowledge, it is not surprising 
that progress on the sediment problem is not more rapid.
The writer believes that progress with the transport problem will 
be made by studying the effects of sediment on the flow character­
istics, since ultimately transport must be expressed in terms of the 
flow parameters. Accordingly, the present paper will attem pt to 
clarify the nature of some of the effects of sediment on the trans­
porting flows. Some unpublished data will be introduced and dis­
cussed along with published results.
E f f e c t  o f  S e d i m e n t  o n  R e s i s t a n c e  t o  F l o w
The resistance for steady uniform flow in a conduit can be ex­
pressed in terms of the friction factor /  defined by the Darcy-Weis- 
bach formula,
_  * L  U2
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in which hf is the drop in piezometric head in a distance L, R  is 
the hydraulic radius, g is the acceleration of gravity, and V is the 
mean velocity. F or sediment-free fluids /  is a function of the Rey­
nolds number and the roughness of the conduit boundaries, and all 
observations can be plotted on the familiar Stanton diagram. If 
sediment is being transported, the configuration of the bottom, and 
hence the roughness, changes, and in addition there appears to be 
an internal effect within the fluid due to the presence of suspended 
sediment.
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In  order to analyze the effects of sediment concentration, sets of 
experiments were conducted in which the hydraulic slope and hy­
draulic radius were held constant and the amount of sediment avail­
able for the flow to transport was varied. Since only the average 
concentration was varied, while the other quantities were kept con­
stant, the effects of the sediment on the flow could be observed di­
rectly. The experiments were conducted by the author in a rectan­
gular flume 33 in. wide and 60 ft. long, which is described in detail 
in a previous publication [1], Friction factors obtained are shown 
in Fig. 1. The bed of the flume was roughened with 0.88-mm sand 
cemented to the bottom and the sides were of painted hot-rolled 
steel. The sand being transported was quartz with a geometric mean 
sieve size of 0.091 mm and a geometric standard  deviation of 1.15, and 
is referred to as having a nominal size of 0.1 mm. The mean con­
centration Cm was measured by sampling the flow after it had dis­
charged from the flume into a tank ju st ahead of the circulating 
pump. At this point all of the load, including that moving at or near 
the bed, was suspended in the flow and was sampled. By far the 
greater portion of the sediment moving in the flume was in sus­
pension so tha t little error is introduced in considering Cm to be 
the suspended load.
It is clearly seen from Fig. 1 tha t the friction factor diminishes 
as the concentration Cm, or the rate of sediment transport, increases. 
Since in each of the four series of experiments the depth and slope 
were kept constant, the decrease in /  was easily detected by an in­
crease in the flow rate or average velocity.
Similar experiments were made by Ismail [2] in a rectangular 
pipe 10.5 in. wide by 3 in. high. Friction factors from experiments 
for two sands and four hydraulic gradients are showTn in Fig. 2. The 
hydraulic gradient varied slightly within a set of runs as shown by 
the extreme values appearing in the figure. I t  wTill be seen that the 
friction factor tends to remain constant or to increase with sedi­
ment concentration, but, contrary to the results of Fig. 1, it. shows 
a slight tendency to decrease. The increase in friction factor ob­
served by Ismail can be explained as an effect of the dunes that 
form on the bed. He described the bed conditions as observed d u r­
ing his experiments, but in the m ajority of cases the concentration 
of suspended sediment was so high that the bed was obscured. How­
ever, in the lowest rates of flow, Figs. 2a and 2e, for which he was 
able to see the bed, he noted that dunes formed. I t  will be seen that
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these are the cases showing most marked increase in /. A t higher 
rates of flow, for which the friction factor did not change appre­
ciably with increase in sediment load, it is probable that if dunes 
did exist on the bed, they were smaller than for the lowest flow 
since, as described by Gilbert [3], dunes which form a t one velocity 
tend to be washed out or reduced in amplitude at some higher ve­
locity.
In  the flume experiments from which the data of Fig. 1 are taken, 
dunes were also observed to form, bu t unfortunately no detailed 
systematic observations were made of them. The height of the high-
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est dune observed was about one-twentieth the water depth, and its 
length from crest to crest was about 0.8 the depth. Figure 1 shows 
that, despite the occasional presence of dunes, the friction factors 
for sediment-laden flows were always less than for clear flows. Evi­
dently, then, there is some mechanism present by which the sedi­
ment reduces the resistance to flow. In  these experiments it was 
sufficiently powerful to overcome even the effect of dunes in pro-
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ducing roughness. Ismail and the w riter have shown tha t the ve­
locity gradient increases as the suspended sediment load increases. 
This can be brought out clearly by studying the velocity profiles of 
the flows. The logarithmic velocity distribution law is given by
V —  u n. 2.3
log-
y
U* k y.m (1)
in which V and Unmx are respectively the velocities a t distances of 
y  and y m from the bed, 77* is the friction velocity or W p  in which
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t 0  is the shear stress at the bed and p is the mass density of the fluid, 
and k is the von Karm an universal constant. In  an open channel 
y m is the depth of the flow, in a rectangular pipe it is the distance 
from the bottom to the filament having the maximum velocity. This 
equation has been found to fit measured velocity profiles of sedi­
ment-laden flows very well and will be used here to discuss observed 
results. From  Eq. (1) is obtained
dU  Z7*
d y  k y  (2)
In  the sets of experiments for which the hydraulic slope and the 
depth, and hence U+, are constant, Eq. (2) shows tha t the velocity 
gradient is inversely proportional to k. In  Fig. 3, k has been plotted 
against Cm for the four sets of experiments made in the 33-in. flume
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described previously. The value of k is obtained from the slope of 
the graph of the measured velocity U against log y  for the velocity 
profile at the center of the channel and the shear stress at the 
center, assuming two-dimensional flow with depth y m. Figure 4 
shows similar data taken from the experiments of Ismail for the 
bottom half of the channel and for sands with grain sizes of 0.10 
and 0.16 mm. I t  will be seen tha t in all of the twelve sets of experi­
ments represented by Figs. 3 and 4, the value of k diminishes as 
the average concentration Cm increases. From  Eq. (2) it can be 
seen tha t this means that the velocity gradient d V / d y  increases as 
the concentration increases.
The shear stress r  a t any level in a two-dimensional flow can be 
expressed by the Boussinesq equation
dU
r  — pem d y  ( 3 )
in which tm is the coefficient for momentum exchange, also some­
times called the eddy viscosity. In  any of the sets of tests described 
above, the shear at any distance y  from the bed is essentially con­
stant for the set. Therefore, an increase in d U /d y  means that there 
has been a decrease in the exchange coefficient e m .  This effect has
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been ascribed to damping of the turbulence by the suspended sedi­
ment [1],
The data presented above show that, if sediment is being trans­
ported in suspension in flows with a given hydraulic gradient and 
depth, the velocity gradient increases with the sediment load. The 
data also show that the friction factors of the flow may increase or 
decrease as the sediment concentration increases. Using the rela­
tionships for pipes [4] and making appropriate changes, the fric ­
tion factor for a two-dimensional channel can be expressed as
___  2.3 y m
V S / f  =  A,. -|------ i0g -—
k Dk„ (4)
in which D is a constant, ks is the equivalent sand roughness of the
walls, and A r is an empirical function, shown in Fig. 5, plotted as
i L1 1transition
/ roqh
/
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F i g .  5 .  T h e  C o e f f i c i e n t  A f o r  R o u g h  S u r f a c e s  a s  a  F u n c t i o n  o f  t h e
r
R o u g h n e s s  C h a r a c t e r i s t i c .
a function of the roughness characteristic TJ*ks/v  using data of 
Nikuradse [5]. As indicated in the figure, A r is given over the range 
from hydrodynamically smooth to rough surfaces. The above results 
are for infinitely wide channels roughened with uniform  sands of 
size ka. However, as shown by Keulegan [6], this same equation can 
be used for rectangular channels by a proper adjustm ent in the 
constant D. I f  the walls are rough, A r is constant and Bq. (4) 
shows that /  will decrease as both k and ks decrease. In  the flume 
tests (Figs. 1 and 3), the bottom, which consisted of 0.88-mm sand, 
was on the verge of being completely rough, having values of the 
roughness characteristic ranging from 30 to 60. I f  the bed were 
covered with a smooth layer of the 0.1-mm sand being transported, 
the roughness characteristic would range from 3.5 to 7.0 and A r 
could increase from about 8.5 to 9.6, causing some decrease in /. 
However, since the increase in A r is brought about by a decrease 
in ks, and since k was also observed to decrease (Fig. 3), all factors
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would act to decrease /. In  some cases dunes were formed on the 
bed and must have increased the equivalent roughness k„ above that 
of the 0.88-mm sand cemented to the bottom, thus tending to in­
crease /. In  such cases the effect of the diminished k must have been 
greater than that of ks, since the net effect was to reduce /. In  the 
experiments of Ismail (Fig. 2) for which /  either increased or 
stayed about constant, the bed roughness ks must have increased 
sufficiently to outweigh the effect of the decrease in k.
I t  has been suggested 17 | that the shape of the velocity profile 
may be affected by the boundary roughness. I f  this is true, from 
Eq. (1) one would expect k to vary with roughness. In  order to 
explore this point, the data of Nikuradse [5] on rough pipes were 
analyzed. This showed tha t the values of k, the von Karman uni­
versal constant, did not vary appreciably over the range of these 
experiments in which the relative roughness r / k a varied from 507 
to 15, r  being the pipe radius and ks the sand size used to roughen 
the pipes. The minimum value of k was 0.324 and occurred for a 
relative roughness of 507, the next smallest value was 0.342. The 
maximum was 0.415 and the average of all experiments was 0.374. 
This is less than the average value of 0.4 used by Nikuradse and 
may be due to the slightly different approach to fitting the curves 
to the data. Average values of k for clear water obtained by Ismail 
in a rectangular pipe and the w riter in a flume, are 0.372 and 0.407, 
respectively.
I t  appears from the above that k, and hence the shape of the 
velocity profile, does not vary appreciably for clear fluids and that 
assuming it to be constant is reasonable. The minimum value of k 
obtained from the Nikuradse data was 0.324, whereas with sus­
pended load, as shown by Figs. 3 and 4, values of k less than 0.3 
were obtained frequently and several values fell below 0.2. In  view 
of this evidence, it  seems safe to conclude that suspended load is a 
major factor in reducing k, which leads immediately to the conclu­
sion tha t for a given value of the shear stress at a point in a stream, 
the velocity gradient increases as the suspended load increases.
I n t e r p r e t a t i o n  o f  O b s e r v a t i o n s  o f  R e s i s t a n c e  a n d  V e l o c i t y
The observations of resistance and velocity referred to above can 
be explained, as was done by Ismail [2], in terms of the change in 
configuration of the bed and of the action of the suspended sedi­
ment on the turbulence. The formation of dunes on the bed increases
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the roughness and tends to increase the friction factor for the flow. 
Since the dunes can vary widely from large amplitudes to essen­
tially zero, depending 011 the velocity, the bed roughness can vary 
over a wide range.
The effect of the suspended sediment is, as has been outlined pre­
viously [ 1 ], a damping of the turbulence since the energy to sus­
pend the sediment comes from the turbulence. Following Einstein 
and Chien [8], one can express the energy per unit width and unit 
time P s required to suspend the sediment as
Ps = / 1 ~~ VmZCw
and the energy of friction P/, lost by the flow per un it width and 
unit time as,
P / ---*/ in Vm PS
in which yw and ys are the specific weights of the water and sedi­
ment, respectively, C is the average concentration of sediment over 
the depth.in weight per un it volume for the size fraction having a 
settling velocity w  in still water, y m, U and S are the depth of flow, 
the average velocity, and the slope, as before, and the sum indicated 
is taken over all values of w. The ratio of these two quantities is
Pj_ _  ( 1 _  y^_\ %Cw 
Pf \ y s . )  US (5)
Figure 6 is a graph of k plotted against the ratio of P s to Pf for the 
data of Fig. 3. In  calculating the abscissa values, C has been taken 
as the average concentration over the upper 95 percent of the cen­
ter profile of the flume and 77 has been taken as the average velocity 
at this profile. The data of Fig. 6 correlate in a qualitative way
040
~ 0,30
! .
JO
I 2 3 4 - 5 6 7 8 9 1 0  20 30 40 50 60 80 100
F i g .  6 . T h e  v o n  K a r m a n  C o n s t a n t  h  P l o t t e d  A g a i n s t  t h e  R a t i o  o f  P o w e r  
t o  S u s p e n d  S e d i m e n t  a n d  P o w e r  t o  O v e r c o m e  C h a n n e l  F r i c t i o n .
•
0
d
0,295
0,590
S
),0025 9 0 0 ® o*
0 e •
•
•
0,590 0.00125 
0.?95
0 • m
0. 0 mm Sond
http://ir.uiowa.edu/uisie/34
but do not define a functional relationship. Einstein and Chien ob­
tained somewhat similar results from plotting the data of Fig. 4 
and data obtained on the Missouri River at Omaha.
The range in the ratio P 8/ P f in Fig. 6 is 0.003 to 0.03, that is, 
the power to support the sand varies from 0.003 to 0.03 of that 
required to overcome the fluid resistance of the stream. The power 
to support the sediment seems comparatively small and, in view of
F i g . 7 . V e r t i c a l  D i s t r i b u t i o n  o f  R e l a t i v e  C o n c e n t r a t i o n  o f  S e d i m e n t  
o v e r  a  W i d e  R a n g e  o f  C o n d i t i o n s  o f  F l o w  a n d  S e d i m e n t  S i z e .
this, it  is surprising that the sediment can have such a large effect. 
In  lectures on turbulence Prof. J . M. Burgers has suggested that 
the turbulence components which are effective in the transfer proc­
ess may represent only a small p a r t of the total turbulence energy; 
and since the energy to support the sediment must come from these 
components, even the withdrawal of the small energy to support 
the sediment can result in appreciable changes.
D i s t r i b u t i o n  o f  S u s p e n d e d  S e d i m e n t
The equation for the distribution of suspended sediment with
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T A B L E  I  
D a t a  f o r  C u r v e s  o f  F i g .  7
Exponent
zx
Flow depth 
Vv m 
ft.
Slope 
ft. 
per f t .
Size of 
suspended 
sand 
mm.
Cone, a t  
reference 
level 
y - .0 5  yv v m 
g m /li te r
S ite  of 
m easure ­
m ents
.0 4 4 Missouri River
0 .1 6 9 .9 .0 0 0 1 2 5 to 0 .1 3 4 a t  Omaha
.0 6 2 1 0 - 1 8 - 5 1
.3 2 .5 9 0 .0 0 1 2 5 .1 0 6 .9 5 L ab o ra to ry
.0 6 2 Missouri River
.4 3 7 .7 .0 0 0 1 2 1 to .2 4 0 a t  Omaha
.0 7 4 1 0 - 1 7 - 5 1
.5 6 .2 9 5 .0 0 1 2 5 .1 0 3 .2 0 L abora to ry
.8 1 .2 9 5 .0 0 1 2 5 .1 0 1 7 .0 L ab o ra to ry
.1 4 9 Missouri River
1 .1 2 7 .7 .0 0 0 1 2 1 to 2 .5 3 a t  Omaha
.2 1 0 1 0 - 1 7 - 5 1
.1 9 5
1 .9 3 .6 0 0 .0 0 1 2 5 to .5 6 L ab o ra to ry
.2 0 8
settling velocity w  in a two-dimensional, steady, uniform flow, which 
was first given by Rouse [9], is
c_ _  r  Vm— y a ^
C a V Vrn d —■
in which C and Ca are the concentrations at elevation y  and a, re ­
spectively, above the bed, y m is the depth of flow and the exponent 
is
w
k \/T 0/p
the symbols being as defined previously. The form of Eq. (6) has 
been found to apply to laboratory studies in a flume, a rectangular 
pipe [2], and in a natural stream [10], However, the exponent z 
that fits the observations is usually different from that given by Eq. 
(7). The studies of the problem made thus fa r  have not supplied 
an expression for the exponent that agrees with experiment.
Figure 7 shows measured sediment distribution plotted against 
%f—a
— . The curves represent the relative concentration C/C„ calcu-
y m— a
lated from Eq. (6) using empirical values Z\ of the exponent. The
http://ir.uiowa.edu/uisie/34
0.90 070
•
0.70
•
•
Q50t • *
d *0 .2 9 Jff
040 •
d -  0 .590ft 
S-0.00125 
U.= 0.]54
i(a)
S-DOI25 
H, *0.103 
1 lb) •
"  0
w o V
s
|  0.4
1
5-0.00125 
U .-0.154
\ c >
•
•
• d-C i 5 9 0 t I •
id)
5 -0 .0 0 2 5
u . - Q . 2 i e  
1 1 ...
Mean Concentration,Cm tgm /l)
Fie. 8 . V a r i a t i o n  o p  t h e  E x p o n e n t  z, w i t h  C o n c e n t r a t i o n  o p  S e d i m e n t  
B e i n g  T r a n s p o r t e d  i n  a  F l u m e  3 3  i n .  W i d e .
measurements were made in the laboratory flume used to obtain 
the data of Fig. 3 and in the Missouri River at Omaha [11] under 
conditions listed in Table I. I t  is seen tha t the data follow the form 
of Eq. (6) very well over the extreme range of conditions from a 
laboratory flume with flows a few inches deep to a large stream with 
flows almost ten feet deep.
F igure 8 shows z-t plotted against the mean concentration for each 
of the four sets of tests in the 33-in. flume, results of which are also 
presented in Figs. 1 and 3. F igure 9 shows similar data from tests 
by Ismail in a rectangular pipe 3 x 10.5 in. Figures 8a, 8b, and 8c 
indicate that zi increases with concentration although there is con­
siderable scatter in the results and no function is delineated. F ig ­
ure 8d indicates no significant change in z } with Cm. Of the eight
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sets of data of Fig. 9, all except the one of Fig. 9a show an increase 
in Zi with Cm. Since the results of ten of the twelve sets of experi­
ments shown in Figs. 8 and 9 indicate tha t Z\ increases with C,n, 
it seems safe to conclude that this is a general tendency. An increase 
in Zx is to be expected from Eq. (7) since, as was shown above, k 
decreases with concentration. Inspection of Fig. 7 will show that 
as the exponent Zx increases the concentration becomes less un i­
formly distributed over the depth or tha t d C /d y  increases.
The differential equation for the distribution of suspended ma­
terial is given by
dC
wC +  ‘° - T y = 0 <8>
in which es is the exchange or diffusion coefficient for sediment. 
Solving Eq. (8) for es and introducing Eq. (6) gives
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This shows that for given values of w, y, and y m the exchange co­
efficient es varies inversely as the exponent Z \ .  Since in each of the 
twelve sets of runs upon which Figs. 8 and 9 are based, the size of 
sediment and the depth were kept the same, one can conclude that 
the exchange coefficient was reduced as the concentration increased. 
The above analysis assumes that w  does not change with concen­
tration which, as pointed out by Laursen and Lin [7], is in error. 
The highest concentration attained in the experiments was about 
30 grams per liter, which according to Laursen and Lin decreases 
w  by about 20%. A decrease in w  will actually decrease z and can­
not explain the observed increases in z shown in Figs. 8 and 9.
The exchange coefficients tm and es which are defined by Eqs. (3) 
and (8) are related closely although there is not complete agreement 
on their exact relationship. Theoretical consideration by von K ar­
man [12] and Burgers [13] indicates that the coefficients need not be 
the same ; studies by Carstens [14] lead to the conclusion that es can 
never exceed tm. The w riter found that the ratio of these coefficients 
could be greater or less than unity, Ismail found that es was larger 
than em and Laursen and Lin concluded that the two coefficients were 
the same. Nevertheless, the form of the two functions seems to be 
about the same. The data presented in Figs. 3 and 4 show that k, 
and hence em, decreases as the concentration increases. Figures 8 
and 9 show tha t Zi increases with the concentration, which accord­
ing to Eq. (9) means that es decreases. From  this it seems reasonable 
to conclude that the coefficient es like em is reduced by the damping 
effect of the suspended sediment on the turbulence. This is in dis­
agreement with Laursen and Lin who conclude the sediment has 
little or no effect on the flow.
C o n c l u s i o n
On the basis of experiments by the writer and others, it is con­
cluded tha t suspended sediment damps the turbulence of the flow 
in such a manner that both the exchange coefficients, tm for momen­
tum  and £s for sediment, are reduced as the sediment concentration 
is increased. The friction factor of flow tends to be reduced when 
tm is reduced but is increased by dunes forming at the bed. This 
means tha t the friction factor of sediment-laden flow may increase 
or decrease with sediment load depending on which of these factors 
is the larger.
The accepted theory of suspended load, while being very useful
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in analyzing sediment transportation problems, is inadequate to 
account for the effects of the sediment on the flow.
A c k n o w l e d g m e n t s
The author is grateful to the Missouri River Division of the Corps 
of Engineers for permission to use field data included in Pig. 7.
D is c u s s io n
Mr. Mitchell pointed out some of the difficulties in applying the 
results of laboratory studies to the investigation of sediment trans­
portation of natura l streams, particularly  that of the Missouri 
River, now being made by the Omaha District of the Corps of E n ­
gineers. The development of a suitable engineering procedure for 
computing the total sand transport of a stream under nearly any 
ordinary set of hydraulic conditions has necessitated the considera­
tion of transport of bed material along the stream bed as well as in 
suspension. The work has been largely directed toward verification 
of the applicability of basic fluid mechanics relations, such as P ro ­
fessor Vanoni has used, to specific conditions in a study reach of 
the Missouri River at Omaha. Since most of these relations are ap­
plicable at present only to two-dimensional flow, measurements so 
fa r have been confined to single verticals at selected spots in a reach. 
Velocity and sediment concentration at successive depths from the 
water surface have been measured simultaneously. Water-su rface 
slopes have been obtained from readings of staff gages along the 
shores.
A number of maps have been made by fathometer of the river 
bed in the upstream 3,000 feet of the study reach. Different bed 
conditions correspond to significantly different values of M anning’s 
n. Most of the velocity and sediment measurements have been taken 
at single verticals located in a comparatively flat area in the left 
half of the channel. The total suspended sediment concentration of 
the Missouri River on the days when measurements were made 
ranged from about 8 down to 3 grams per liter (8000 to 3000 ppm .). 
The sands constituted 30 percent or less of this concentration.
Prom the equation
in which u* =  (g d S ) 1/ 2 and N is the slope of semi-logarithmic plot 
of the measured velocity distribution, a plot was made of k against
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concentration (Fig. 10). No particular trend  is apparent. However, 
a plot of 0 i, the slope of the logarithmic plot of the measured dis­
tribution of a certain size of sediment against concentration indi­
cates a possible decrease in z i with increased concentration (if one 
questionable value is omitted) as well as with the anticipated de­
crease with decreasing grain size.
Although the measured sediment distributions are found to fit the 
fam iliar distribution law, considerable difficulty has been found in 
obtaining consistent values of N. F igure 11 shows the variation in 
both the velocity and sediment distributions on two successive days 
when the discharge was nearly the same. Although the point ve­
locities scatter, the slopes of the velocity distributions are fairly
"H—i—i—r
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definite. The values of N , although fairly  consistent for successive 
runs at the same point on each day, differ radically on the two days. 
Sediment data taken 011 20 August were fragm entary and there is 
a question as to the validity of one of the two sediment distribu­
tions that were obtained. I t  has been found 011 other days that there 
is good agreement in Zi even if N  varies widely. Theory gives two 
relations between m* and k in terms of easily measured parameters
w 11* N  
ku* =  and —
21 k 2.3
The actual nature of these relations for various flow conditions has
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been and apparently  will continue for some time to be the major 
problem in field studies of sediment movement.
An example of the difference in vertical velocity and sediment dis­
tributions on hydraulically rough and smooth beds in th$ Missouri 
River may be interesting in light of Professor Vanoni’s discussion 
of frictional resistance. On 18 October, measurements were made 
for such a comparison. Plots of the vertical distributions, shown on 
Fig. 12, indicate an increased degree of turbulence in an area in 
which sand waves occurred over tha t in a flat area by the greater 
irregularity  of the velocity distributions and a lower value of N, 
but a more-uniform distribution of different sizes of sediment from 
bed to surface. I t  should be noted that there is a considerably lower
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velocity and less sediment movement in the sand wave area than 
there is in the flat area less than 200 feet away.
In  a forthcoming paper on this subject Mr. Mitchell hopes to pre­
sent more data to assist in the evaluation of suspended sediment 
transport theory in the field.
Mr. Laursen stated tha t experiments at the Iowa Institu te on the 
transport of suspended sediment have produced data which in 
general are similar to those presented. The interpretation which 
has been given those data, however, is quite different. One impor­
tant difference in the conduct of the experiments should be men­
tioned. The experiments at the Iowa Institu te  have been conducted 
with a bed of sediment in the channel — this bed then being free to 
form dunes or ripples as conditions dictate.
Figure 13 shows the variation of /, k, and m (from v — C if /m) 
as correlated with the concentration and the relative roughness. I t  
is believed that the correlation of these quantities with relative 
roughness is one of cause and effect. Mr. R and’s experiments on the 
correlation of the variation of /  and k with relative roughness men­
tioned in  his discussion of Z ingg’s paper reinforce this conclusion, 
since his experiments were confined to clear water. The roughness 
elements used by Mr. Rand differed geometrically from the dune 
form, but the same trend  is evident.
The apparent correlation of f, k, and m with concentration is be­
lieved to be the result of concentration varying with roughness. In
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fact, it  is believed that roughness is one of the most important fac­
tors in the entrainm ent phenomenon. That roughness is not the only 
requirement for a high concentration is apparent from the two runs 
for zero concentration. These runs were made by forming a rough 
bed and then reducing the velocity until almost 110 sediment was in 
suspension. The /, k, and m values for these runs are ample evidence 
tha t relative roughness and not concentration is the cause of the 
variation of these quantities.
The Iowa experiments show es/em values greater than un ity —agree­
ing with the data presented in Mr. V anoni’s paper. Even with the 
fall velocity corrected for the actual size of particles in suspension 
and for concentration, es/eOT is greater than unity. Moreover, the 
same values result whether the concentration distribution is derived 
from a logarithmic or an exponential velocity distribution.
Mr. Beckman remarked that alluvial streams, such as the Mis­
souri and Mississippi Rivers, are subject to large shifts in the stage- 
discharge relation during changing flows. The l T. S. Geological Sur­
vey has attem pted to find the causes for such shifting, with little 
success. As a rule, the stage-discharge relation moves to the left 
during flood periods. I t  is not thought that change in slope could 
be the prim ary cause, as the streams cannot change slope appre­
ciably from one stage to another. I t  must, then, be caused by either 
changes in the cross-sectional area, roughness of the bed, or both.
Mr. Rand (in referring to Mr. L aursen’s discussion) said that 
since he worked with clear water, the variation of the k value could 
not be explained by the influence of suspended sediment. The k 
value proved to be a function of relative roughness and of the shape 
of the roughness. Since there is a great variation possible in the 
shape of roughness, a general law for variation of k with relative 
roughness has not been developed. Tt would also be very difficult 
to learn the constancy of the fc- value by plotting the Nikuradse 
data, because for that study the relative roughness was low 
(r0/ k  > 1 5 )  and it is not generally possible to get much exactitude 
by reading the k value from semi-logarithmic plotting.
In  concluding, Mr. Vanoni said that he was acquainted with the 
fine work that Mr. Mitchell and his associates are doing 011 the Mis­
souri River and was glad to see the results obtained so far. These 
studies, which, as fa r as he knows, are the most detailed ever con­
ducted on a major stream, are serving to confirm some of the rela­
tions developed in the laboratory and to indicate where such rela­
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tions are not applicable. A t the same time new information on the 
behavior of streams is being obtained which will serve to guide 
research in this field. Measurements on rivers, although very ex­
pensive, are necessary to test the results of small-scale laboratory 
experiments. I t  is through this process of laboratory developments 
and field testing that the means to predict the behavior of streams 
will gradually be attained. The fact that there is no particular cor­
relation between concentration and k in Mr. Mitchell’s measure­
ments should not be taken as a final result, in view of the difficulties 
of obtaining consistent values of k in the laboratory as well.
The experimental results presented by Mr. Laursen showing re­
lations between k, m and /  and the relative roughness are very in ­
teresting, and it is hoped that he will report them more completely 
in the near fu ture since they will help to clarify the problem of 
sediment movement. The strongest evidence to support his idea that 
relative roughness is one of the most im portant factors in entrain- 
ment is obtained from the interesting results of Mr. Rand showing 
that k, m, and /  for clear w ater flows also correlate wTith relative 
roughness.
Figure 1 shows that it is possible to reduce /  as the concentration 
increases, while at the same time (Fig. 3) the k values are decreas­
ing. Equation (4) shows the relation between / ,  k, and ks and in­
dicates tha t an increase in ks might be overshadowed by a decrease 
in k with the over-all result tha t /  would decrease. In  the experi­
ments represented in Figs. 1 and 3, the relative roughness of the 
bed certainly did not increase for the low concentrations and prob­
ably actually decreased due to deposit of fine sand in the bed which 
was roughened with 0.88 mm sand. A t the higher concentrations the 
bed roughness was increased by the formation of dunes, yet the 
friction factor still decreased. If, as Mr. Laursen suggests, the de­
crease in k is due to an increase in the relative roughness, then in 
this case one cannot explain a continuous decrease in k while the 
bed roughness first decreased and then increased. Therefore, it  still 
seems reasonable to ascribe the change in k to the suspended sedi­
ment, although the w riter agrees that other factors may be entering. 
As pointed out by Mr. Laursen, his experiments were made with 
the bed completely covered with sand, while in many of the experi­
ments discussed in this paper very little sediment was on the bed. 
Although this difference could account for some difference in the 
results, it does not seem likely that it  would account for the di­
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versity of ideas on the explanation of the observed effects. A final 
resolution of the differences must wait until more complete data are 
available.
Mr. Beckman’s account of his experiences with changes in stage- 
discharge relationships for rivers during floods is interesting and 
can very likely be explained, at least in part, by changes in bed 
roughness and internal effects as represented by the variation of 
k. A more complete discussion of this problem would be useful to 
workers in sediment transportation and general river regulation.
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RELATION OF SU SPEN D ED -SED IM EN T CONCENTRATION 
TO CHANNEL SCOUR AND F IL L
By
L u n a  B. L e o p o l d  
U. S. Geological Survey, W ashington, D. C.
T h o m a s  M a d d o c k , J r .
U. S. Bureau of Reclamation, Washington, D. C.
I n t r o d u c t io n
I t  is known that during the passage of a flood the channel of 
an alluvial stream scours and fills with considerable rapidity. 
Though such changes may be random, it seems more likely that there 
is a definite pattern  of channel change directly related both to dis­
charge and to the sediment load provided to the river by the drain ­
age basin.
In  a study by the authors [1] an analysis was made of concurrent 
values of suspended sediment load and width, mean depth, mean 
velocity, and discharge at a number of gaging stations. From  the 
data analyzed it appeared that fairly definite relations exist be­
tween these variables. These relations are summarized in Fig. 1, 
to which the following definitions apply: 
w =  aQb , d  =  cQf 
v =  kQ'" , I =  qQi
in which
w =  width of water surface, in feet.
d  =  mean depth, in feet, cross-sectional area divided by width. 
v =  mean velocity, in feet per second, discharge divided by area. 
I =  suspended sediment load in the stream, in tons per day.
a, c, k, p, b, f, m, j  =  coefficients and exponents.
In  Fig. 1 the ordinate is the ratio
m _rate of increase of log of velocity with log of discharge
f  rate of increase of log of depth with log of discharge 
The figure shows tha t for a given relation of width to discharge 
(value of b), the slope of the suspended load ra ting  curve j  is a 
function of the ratio m /f .
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CC 1
Slope of the suspended-sediment rating curved where L=pQ
F i g . 1 . R e l a t i o n  o f  R a t e s  o f  I n c r e a s e  w i t h  D i s c h a r g e  o f  W i d t h , D e p t h , 
V e l o c i t y ,  a n d  S u s p e n d e d  L o a d .
Similar relations are derived for constant discharge and can be 
expressed as follows, comparing natura l channels of various char­
acteristics. For constant discharge and width, an increase in sus­
pended load is accompanied by an increase in velocity at the ex­
pense of depth. F or constant discharge and velocity, an increase in 
width at the expense of depth is accompanied by a decrease in sus­
pended load. I f  these relationships exist between various natural 
river cross sections in alluvial streams, it is logical that they should 
also apply to the short-term changes of these same factors during 
scour and fill accompanying a flood passage.
This present discussion concerns the analysis of some particular 
flood passages during which an adequate number of essentially 
simultaneous measurements of suspended load and discharge were 
made. To be useful for this purpose the discharge measurements 
must be made by current meter in order that changes in width, 
mean depth and mean velocity can be determined.
O b s e r v e d  H y d r a u l ic  C h a n g e s  D u r i n g  B e d  S c o u r  a n d  F i l e
Consider first the gaging station on the San Ju an  River at Bluff, 
Utah. This river has a bed of sand, silt, and some gravel, which
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characteristically shifts during a flood. A t high stages the banks of 
the stream are fixed by rock walls, but some changes in width are 
possible at low stages. The control at the station is a reach of gravel 
and boulders just downstream from the gaging section, subject to 
shift under flood conditions. Discharge measurements are made 
from a cable.
Daily current-meter measurements and suspended-load samples 
are available for a few years. F igure 2 shows the changes tha t oc-
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curred during a river rise between September 9 and December 9, 
1941. Bach measurement is indicated by a point in each of the six 
graphs. F or example, during the first day of the rising stage the 
discharge was 635 cfs., width 171 ft., depth 1.20 ft., velocity 3.08 
fps., and suspended load 2,140 tons per day. To simplify the picture, 
an intermediate rise and fall in discharge between September 16 
and 29 is omitted. The width-discharge relationships show that the 
rising discharge was accompanied by a slight increase in width up 
to the peak of 60,000 cfs. and the falling discharge retraced nearly 
the same path  on the width curve.
Load, on the other hand, increased a t a very rapid  rate as the 
discharge rose from 600 to 5,000 cfs., then remained essentially con­
stan t while the discharge continued up to 60,000 cfs.
Depth increased uniform ly with discharge up to about 5,000 cfs. 
Then the slope of the depth-discharge curve increased as the dis­
charge rose from 5,000 to 60,000 cfs. During the falling stage, a 
new slope of the depth-discharge curve was established which was 
intermediate between the two values during the rising stage. Note 
that, at a discharge of 5,000 cfs., the depth was approximately 3.2 
ft. during the rising stage and 4.4 ft. during the falling stage.
A corresponding adjustm ent in the velocity-discharge curve is 
apparent. A t 5,000 cfs. during the rising stage the velocity was 8.6 
fp s . ; a t the same discharge during the falling stage it was about
6.0 fps.
The graph of stream-bed elevation versus discharge is also of in­
terest. Bed elevation as plotted is a relative value which was derived 
by subtracting the mean depth from the gage height (water-surface 
elevation). This difference is a satisfactory estimate of bed eleva­
tion since width varied but little with discharge. Detailed river cross 
sections at various intervals during the flood have been plotted from 
current-meter measurements and are presented in Fig. 3.
The bed elevation rose during the first p a r t of the flow increase. 
That material deposited on the stream bed at the measuring section 
during the initial p a r t of the flood can be seen by comparing the 
cross sections in Fig. 3 for September 9 (635 cfs.) and September 
15 (6,560 cfs.). Note tha t this deposition continued progressively 
as long as the slope of the sediment-discharge curve was great. 
A t a discharge of about 5,000 cfs. the sediment-discharge curve 
became less steep and remained so as the discharge continued to
http://ir.uiowa.edu/uisie/34
Distance, in feet
0  100 200  300
T i g . 3 . C h a n n e l  C r o s s  S e c t i o n s  d u r i n g  P r o g r e s s  o f  F l o o d , S e p t . - D e c . 1 9 4 1 ,  
S a n  J u a n  R i v e r  n e a r  B l u f f , U t a h .
rise to the peak flow of about 60,000 efs. A t discharges between 
about 5,000 and 60,000 cfs. the suspended-sediment concentration 
increased less rapidly per increment of discharge than in the range 
below 5,000 cfs. The smaller rate of increase of suspended-sediment 
concentration was associated with bed scour. A fter the peak flow, 
the falling discharge was accompanied by a stable bed elevation.
This flood was one in which the slope of the width-discharge curve 
was about the same throughout its passage; consequently, the mu­
tual adjustment between suspended load, velocity, and depth is 
quite evident. A t 5,000 cfs. during the rising stage the suspended 
load was approximately 1,000,000 tons per day. At the same dis­
charge and width, during falling stage the suspended load was only
100,000 tons per day. The lower suspended load was accompanied 
by a smaller velocity and a correspondingly greater depth. This is 
in accord with the relation already no ted ; that is, at constant dis­
charge and width, decrease in suspended-sediment load is accom­
panied by a decrease in velocity and an increase in depth.
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The observed relations during this flood are also in accord with 
the concepts explained in connection with Fig. 1. For the same 
value of b (slope of the width-discharge line), a decrease in the
Discharge, in cfs
EXPLANATION OF DISCHARGE
Width Depth Velocity Load Stage Bed 
Rising + * * o t a
Falling ® » » •  ® ■
F i g . 4 .  C h a n g e s  i n  C h a n n e l - S h a p e  F a c t o r s , C o l o r a d o  R i v e r  n e a r  G r a n d  
C a n y o n , A r i z ., d u r i n g  F l o o d  o p  D e c . 1 9 4 0 - J u n e  1 9 4 1 .
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value of j  (slope of the suspended load-discharge line) is associated 
with a decrease in the m / f  ra tio ; tha t is, the slope of the velocity- 
discharge line m decreased while the slope of the depth-discharge 
line /  increased.
As a second example of the day-to-day adjustments of channel 
shape and suspended load, the spring rise of 1941 on the Colorado 
River at Grand Canyon is used (Fig. 4). D uring this flood passage, 
at a discharge of 20,000 cfs. there is a break in the width-discharge 
curve, as well as in the relations of load, velocity, and depth to dis­
charge. A t 20,000 cfs., during the rising stage the load was about 
1,000,000 tons per day, whereas during the falling stage the daily 
load was about 120,000 tons. This smaller load was accompanied by 
a definite increase in depth and decrease in velocity, whereas the 
width remained the same.
I t  is to be noted that the bed elevation rose during the first por­
tion of the flood, fell as the discharge continued to increase toward 
the peak flow, and continued to fall during the falling stage. A t
20,000 cfs. the bed elevation was 8 |  ft. lower on the falling than on 
the rising stage. The gage height, plotted against discharge, showed
Distance, in feet
F i g . 5 . C h a n n e l  C r o s s  S e c t i o n s  d u r i n g  P r o g r e s s  o r  F l o o d , D e c . 1 9 4 0 - J u n e  
1 9 4 1 ,  C o l o r a d o  R i v e r  n e a r  G r a n d  C a n t o n , A r i z .
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tha t the water surface was the same in both rising and falling stages 
at each discharge. A t the measuring section, therefore, the differ­
ence in channel shape was taken care of by changes in bed, but the 
control downstream, a bar of heavy gravel, did not shift.
Deposition on the bed during the initial p art of the flood rise can 
be observed in the successive cross sections in Fig. 5. The river bed
EXPLANATION OF DISCHARGE 
Width Depth Velocity Load Stage Bed
F i g . 6 . C h a n g e s  i n  C h a n n e l - S h a p e  F a c t o r s , R i o  G r a n d e  n e a r  B e r n a l i l l o , 
N .  M . ,  d u r i n g  F l o o d  o f  M a y - J u n e , 1 9 4 8 .
was lower on Jan u a ry  12 (5,210 cfs.) than on March 6 (23,400 cfs.). 
These cross sections demonstrate that the bed filled during the first 
p a r t of the flood and then scoured as the discharge increased above
20,000 cfs.
A fu rther example, which illustrates another type of adjustment 
to changing suspended load, is provided by the spring rise of 1948 
on the Rio Grande at Bernalillo, N. Mex., presented in Fig. 6. There 
was some decrease in suspended load at the peak discharge of 11,000 
cfs. The lesser load during the falling stage was accompanied by a
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shift to smaller velocities and larger depths with practically no 
change in width. The relation of bed elevation to discharge, how­
ever, shows that the river bed scoured during the rising stage when 
the sediment concentration was high and filled during the falling 
stage when the concentration was low. The San Ju an  at Bluff and 
the Colorado at Grand Canyon, on the other hand, deposited during 
a part of the rising stage, then scoured during the remainder of the 
rise and continued to scour during the falling stage.
Figure 7 presents three cross sections of the Rio Grande channel 
at the gaging station during the passage of the 1948 spring freshet.
Distance, in feet 
100 200
F i g .  7 . C h a n n e l  C r o s s  S e c t i o n s  d u r i n g  P r o g r e s s  o p  F l o o d ,  M a y - J u n e  
1948, R i o  G r a n d e  n e a r  B e r n a l i l l o ,  N . M.
The scour of the bed was irregularly distributed across the section 
but on the whole scour occurred progressively up to the peak dis­
charge, followed by deposition during the falling stage.
The foregoing analyses of scour and fill of a river bed during 
flood demonstrate that the changes in the bed occur simultaneously 
with variations in the rate of change of suspended-sediment con­
centration. It is postulated that the observed changes in the stream 
bed resulted from changes in the sediment load brought into the 
reach from upstream, and that the hydrodynamic factors involved 
tend to promote a mutual adjustm ent between channel shape and 
the sediment load carried into the reach. The changes in sediment 
load which result in a change of channel shape involve both bed load 
and suspended load. However, because only the suspended load is 
measured, it is necessary to use the data  on the suspended fraction 
of the load as an index to the total sediment movement.
That the suspended fraction is a meaningful index is demon­
strated by the fact that the relations between the channel shape fac­
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tors and suspended load, derived from measurements of a number 
of different rivers, appear to apply in principle to channel changes 
a t a given station during an individual flood. Specifically, with no 
change of width a decrease of suspended load at a given discharge 
was accompanied by an increase in depth and by bed scour result­
ing in a decrease in velocity. This is the type of change indicated 
by Fig. 1. The decrease in velocity provides the necessary adjust­
ment of capacity to carry the load of the particular size distribution 
supplied. In  response to a decrease in load, the channel shape be­
comes adjusted through scour to the lower capacity required for 
equilibrium.
In  the foregoing hypothesis it was postulated that the changes 
in channel shape occurred in response to a change in sediment load 
brought into the reach. This requires proof that the observed change 
in suspended sediment is not the result of the observed change of 
velocity in the reach ra ther than the cause.
I f  the high suspended-sediment concentrations resulted from the 
scouring action of high velocities, it would be implied that high ve­
locity in a given reach scours the channel in that reach. The increase 
in sediment in transport resulting from the local bed scour should 
then account for the observed increase in sediment concentration. 
Under such an assumption increasing velocity should be associated 
with bed scour and decreasing velocity with deposition on the bed.
F or rising stages the San Ju an  River at Bluff (Fig. 2) and the 
Colorado River a t Grand Canyon (Fig. 4) the beds aggraded during 
a period of rapidly  increasing velocity concomitant with a rapidly 
increasing suspended-sediment load. The sediment necessary for 
deposition obviously came from upstream.
W ith  respect to the seasonal sequences of scour and fill, the three 
rivers discussed are typical of a number of streams in the western 
United States. The spring floods are derived prim arily from snow- 
melt in the mountains. Considerable sediment is carried into the 
main stem channels by this melt water, and this load is augmented 
by the transport of readily available material deposited in the chan­
nel system during the local summer floods. Passing of the spring 
flood leaves the river bed at a lower elevation than that preceding 
the spring snowmelt. This succession of events is approximately the 
same each year.
To summarize, the scour and fill of the bed of an alluvial river 
during flood appears to be an adjustm ent of channel shape in re­
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sponse to a varying sediment load. This adjustm ent takes place 
rapidly, but should not be interpreted as implying a complete ab­
sence of a time lag. In  the long-continued flood passages derived 
from spring snowmelt, the progressive adjustm ent of channel to 
load is easily observed, as has been demonstrated. However, similar 
graphs for small irregular changes in discharge, even for the same 
stations, show tha t the adjustm ent is not complete. A time lag of 
days or perhaps weeks is required for adjustments to take place, as 
might be expected.
T h e  R o u e  o f  C h a n n e l  R o u g h n e s s  a n d  S l o p e  i n  t h e  A d j u s t m e n t  
o f  C h a n n e l  S h a p e  t o  S u s p e n d e d  L oad  
I t  has been stated earlier that at constant discharge the sus- 
pended-sediment load appears to be related to the quantities —• 
width, velocity, and depth. I t  was noted that at constant width and 
discharge, increased suspended-sediment load would be associated 
with increased velocity. B ut because Q and w  are constant, the prod­
uct Vd  must be constant. Any increase in velocity, therefore, must 
require a decrease of depth.
Consider the Manning fo rm ula :
V =  —  d S 1/2 
n
in which V =  velocity
d —  depth =  hydraulic radius 
S  —  slope of the energy grade line 
n =  roughness parameter 
I t  is clear that an increase in velocity and a decrease in depth re-
S1/2quires an increase in the factor -----; or, in other terms, increased
n
velocity and decreased depth would require an increase in channel 
slope or a decrease in roughness or both.
Because of the apparent importance of the suspended-sediment 
load of streams in channel configurations, it  is necessary to consider 
the general effect of sediment load on channel roughness. Yanoni 
[2] showed that an increase in suspended load tends to decrease 
channel resistance and thus causes an increase in velocity. He ex­
plains this effect as a result of decreased turbulence. The same effect 
was noted by Buckley [3] in measurements of the Nile River and 
by Thomas [4].
The effect of suspended-sediment concentration on channel rough­
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ness was discussed by Thomas, who also concluded that increased 
concentration was associated with decreased values of Manning 
roughness factor n.
I t  should be expected, then, tha t when a given river cross section 
is considered, the large changes in suspended-sediment concentra­
tion which occur with changes in discharge should be reflected in 
im portant changes in channel roughness. In  a given cross section, an 
adjustm ent of slope probably cannot take place rapidly enough to 
account for the observed variations in the velocity-depth relations. 
The velocity-depth changes and their relation to suspended load 
observed at a single cross section, as on the Colorado River, the Rio 
Grande, and the San Ju an  River, are typical of all the cross sections 
studied for which adequate data are available. This appears to sup­
port the concept that such changes are typical of fairly long reaches 
of channel, measured in tens of miles rather than in tens of yards. 
I f  this is true it is impossible to believe that changes in slope pro­
vide the prim ary mechanism which accounts for the observed 
changes in velocity-depth relations. In  long reaches of river a con­
tinu ity  of slope must be maintained, at least during periods of some 
months. In  other words, the changes in velocity-depth relations typi­
fied by the individual floods measured at Grand Canyon, Bluff, and 
Bernalillo must prim arily represent changes in roughness rather 
than in slope.
No attem pt has been made in this prelim inary analysis of the 
problem to explain the hydrodynamics of the empirical relations ob­
served. Certainly bed load is im portant in helping to determine 
roughness, but the available data 011 suspended load must, perforce, 
be used as a rough index to the load conditions. F u rther work of a 
theoretical nature as well as additional analysis is required to ex­
plain more fully the observed general relations.
D i s c u s s i o n
Mr. Coldwell stated that even though Mr. Leopold has presented 
so much worthwhile material, he wished to introduce a new aspect 
of the problem. The W ashita River arm of Denison Reservoir, on 
the Red River between Oklahoma and Texas, (Fig. 8) offers an op­
portun ity  to observe conditions of bed scour and fill of quite pro­
nounced magnitude. The differences between the locations men­
tioned by Mr. Leopold and this one are that the measuring section 
for the la tter is affected by backwater from Denison Reservoir, and
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that rises on the W ashita River are almost always short in duration 
and are not caused by melting snow. D uring flood periods the water- 
surface slope is about 1.5 feet per mile, then as the reservoir ap­
proaches its normal pool elevation the slope becomes negligible. A t 
the nearest gaging station upstream not affected by backwater some
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change in the bed occurs during each flood, but, as soon as the flood 
is over, the bed is in approximately its original condition. A t the 
location being discussed, changes are more gradual.
The stream section on Feb. 15, 1949, is shown in Fig. 9. In  May 
1950 a flood of near record discharge, bu t not great volume, oc­
curred, resulting in the stream section shown for May 13, 1950. The 
duration of flow greater than base flow was only about 3 days. On 
May 19, only 6 days after the crest of the flood, another measure­
ment was requested at this station. Contrary to expectations, there 
had been no significant change in the bed during the 6-day period. 
Now, it is realized that backwater from the reservoir had decreased 
the supply of suspended sediment. On December 28, 1950, the sec­
tion was as shown. During this 7-month interval there had been a 
few short periods of about 10,000 c.f.s. inflow during the summer, 
but very low flows during the fall months. Observations since that 
time show that the stream is always tending to re tu rn  to the con­
dition of December 28, 1950. Incidentally, the width of the pro­
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nounced channel almost exactly fulfills Gerald Lacey’s equation for 
wetted perimeter, p  —  2.67 V Q.  D uring rises, the width is always 
less than th a t indicated by Lacey but probably this is because the rise 
is not of sufficient duration. A pparently  the stream is always trying 
to stabilize at some width comparable to that given by the equation.
Mr. Leopold has effectively shown that the bed elevation rises dur­
ing the early p a r t of the rise on the Colorado River, but the same 
th ing does not seem to happen on the Rio Grande. Could it be that, 
on the Colorado River, in try ing to adjust to its desired width the 
river had too much depth during the early p a r t of the rise ? There
2 - 1 5 - 4 9
6 5 0
6 4 0
J  6 3 0
£  6 2 0  
Z  
z  o
>  610
_iu
6 0 0
0  5 0  100 150 2 0 0  2 5 0  3 0 0  3 5 0  4 0 0  4 5 0  500
STATIONING IN FE E T
F ig . 9
is evidence on all the low-flow cross sections presented that the por­
tion of the channel where concentrated scour is taking place is only 
a fraction of the width covered by water.
Mr. Mitchell praised Mr. Leopold’s attem pt to provide a func­
tional relationship between the movement of suspended sediment 
and the so-called “ hydraulic geometry”  of the stream channel 
through which this movement occurs. A relationship of this nature 
would be a great boon to the engineer concerned with sediment prob­
lems in a river, as well as to the geologist, for whom Mr. Leopold’s 
investigations seem prim arily to have been made. I t  is questionable, 
however, tha t the profession can benefit appreciably from the work
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done by Mr. Leopold so far, since his approach inherently obscures 
the variations in the hydraulic geometry — sediment movement re ­
lationships which are im portant to the hydraulic engineer. The 
needs of the geologist and the hydraulic engineer are antithetical 
in this case — the former works with averages for decades and cen­
turies, while the latter is concerned mostly with averages for days, 
months and years.
Mr. Leopold has established his relationship between width, depth 
and velocity of flow from records of discharge measurements made 
at regular river-measuring stations over a period of years. These 
stations are intentionally located at points where the change in the 
width-depth-velocity relationship with discharge is as nearly reg­
ular as possible, since this reduces the cost of station operation. The 
width is usually well fixed and careful consideration is given to the 
degree of “ control”  which exists to regularize the change of depth 
with discharge. Under such conditions it is not surprising that aver­
age values of the exponents of Q in the relationships w =  aQb, 
d =  cQf, and v >== kQm should be well defined by a large number 
of measurements. I t  is probable that Mr. Leopold has selected, of 
necessity, the most simple case (a t constricted sections) to develop 
his thesis and that there are few other locations in rivers where this 
average relationship is applicable.
The selection of total suspended sediment load as a variable de­
pendent upon discharge in the effort to relate sediment behavior to 
channel shape and flow velocity may have been the unfortunate re ­
sult of having too little data on sands alone with which to work. His 
assumption
L  =  pQ1
implies that the flow is responsible for the total suspended load of 
the stream and is derived from the “ sediment ra ting  curve”  idea. 
This assumption has been shown to be fallacious for short-term con­
ditions in many watersheds. W hen drastic variations in climatic 
conditions (drought, etc.) are considered, it is probable that a sedi­
ment rating curve would not be correct except when based 011 rec­
ords covering scores of years and should not be applied except as 
an average for a similarly long period. His method of relating sus­
pended sediment movement to hydraulic geometry 
j  =  cp(m//) for various values of b 
is ingenious but highly empirical. The use of such a relationship 
requires that the many variations be explained by either change of
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slope or of roughness. No data 
are available to show how either 
of these im portant parameters 
may be related to such varia­
tions, and without such con­
sideration, the validity of the 
above assumption is highly 
questionable. I t  is probable 
that some variation in hydrau­
lic geometry occurs with vari­
ation in movement of sands, but 
the degree of lag in adjustment 
may be also a variable. The 
role of wash load in influencing 
the flow pattern  in natural 
rivers is therefore quite ob­
scure, in spite of the implica­
tions of the work in this field 
by Mr. Vanoni and others.
The Corps of Engineers has 
attem pted to apply Mr. Leo­
po ld ’s approach to the Mis­
souri River flood of April 1952 
at the regular discharge meas­
u ring  and sediment sampling 
station at Omaha. Mr. Leo­
pold’s requirements for simul­
taneity in measuring discharge 
and sampling suspended sedi­
ment were well fulfilled for 
this period.
The plots of these four rela­
tionships for the simultaneous 
measurements of the Missouri 
River a t Omaha throughout the flood are shown in Fig. 10. In  order 
to have as many points as possible on the plot of m / f  vs j ,  the slopes 
were obtained mathematically for each interval between measure­
ments. The requirement that the sum of the exponents i ,  /, and m 
equal 1.0 for each interval was easily met within the limits of com­
putation, since all are derived from the basic measured values of
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mean velocity v' for each fractional area w ’d', which are then m ulti­
plied to give the fractional discharge q. These derivations are simply
Q =  q , A  =  w ’d' 
w — w' , d ~  a /w  , v  =  Q /a
However, it was found that the values of /, m, and j  were negative 
at times and that absolutely no correlation could be obtained be­
tween m / f  and j  with various values of b. An attem pt was made to 
reduce the scatter in the la tter plot by averaging the slope, bu t nega­
tive values were yet obtained at times and no trend  with b became 
apparent. Some water-slope data taken during a 5-day period a t the 
peak of the flood were analyzed to see if any correlation between 
the roughness factor n in the Manning formula and the values of j  
could be found. This effort was unsuccessful.
The principal results of this attem pt to apply Mr. Leopold’s ap­
proach were the demonstrations that negative values of the ex­
ponents are to be expected in practice and tha t no relationship with 
the exponent b can be found. The conclusion which must be drawn 
is that Mr. Leopold has much more work to do on his theory before 
it can be used to advantage by the hydraulic engineer.
Mr. Sullivan remarked that during the flood of A pril 1952 on the 
Missouri River, measurements at Sioux City indicated tha t a shift 
in the bed and stage-discharge relation occurred at a stage of about 
10 feet, as compared to a peak stage of 24 feet. I t  was not un til the 
stage returned to about 12 feet that another shift, which apparently  
occurred about the first of May, was noted. Similar conditions were 
not noted at other Missouri River stations downstream. The explana­
tion of the Sioux City shift is not clear.
Mr. Izzard asked if Mr. Leopold had any data of bed movements 
in the Minnesota River. He understood that at several bridges the 
bed had lowered from 10 to 15 feet.
Mr. Craven commented that from observations of sediment move­
ment in water in pipes, as the sediment concentration increased a 
bed appeared in the form of scattered dunes, which became pro ­
gressively larger and flatter as the concentration increased, ac­
counting for the increase in roughness with increasing concentra­
tion, to which Mr. Leopold referred.
Mr. Laursen asked if Mr. Leopold had any information on the 
particle size of the suspended load as compared to the bed material.
Mr. Rand inquired if the slope which was referred to was that
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of the river bottom, the flow surface, or the energy grade line, and 
if the free surface and the bottom could be considered parallel.
Mr. Harrison contributed a discussion of two points. The premise 
that changes in a suspended-load concentration can be correlated 
directly to scour and fill at a cross section is not necessarily valid. 
W hether or not a reach of river aggrades, degrades, or remains in 
equilibrium depends on the balance between the bed-material load 
transported into the reach and that transported out of the reach. 
An increase in discharge can bring about an increase in the bed- 
material load supplied to the reach, but, a t the same time, it also 
increases the transporting  capacity of the reach itself. I f  the in­
crease in capacity equals the increase in supply, 110 net change in 
the bed elevation will result even though sediment concentration 
increases. For this reason, scour and fill more properly should be 
related to the difference in the rates of bed-material transport at the 
upstream  aud downstream ends of a short reach rather than to the 
change in the concentration at a single cross section.
His second point for discussion was the use of total load concen­
tration in this study. As pointed out above, only changes in the con­
centration of those sediment sizes which are also found in the bed 
shoidd be significant in a study of bed changes. Since an alluvial 
river bed contains mostly sand and very little silt or clay, the analy­
sis would have been more significant if it were based only upon the 
sand portion of the total sediment load.
A fter expressing appreciation for the discussers’ contributions, 
the authors called to the attention of Mr. Coldwell the fact that the 
Lacey equation relating wetted perimeter to the square root of dis­
charge is not strictly applicable to changes at a given stream cross 
section. I t  should be restricted to the comparison of widths of vari­
ous cross sections distributed along the length of a river in which 
discharge increases with increasing drainage area.
In  answer to Mr. Coldwell’s question concerning the comparison 
of the Rio Grande and the Colorado River, the authors reiterated 
their belief that scour or deposition on the bed depends to a great 
extent on the sediment load brought into the reach. The sequence 
in the Colorado-River example of fill and scour during the rising 
stage was concurrent with a sequence of rapid  increase of suspended- 
sediment concentration followed by a less rapid increase. Mr. Cold- 
well’s explanatory statement is considered essentially correct but 
the authors would change the wording slightly. The Colorado, under
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the condition of width existing, did not have sufficient velocity to 
carry the supplied load. The increased velocity necessary for quasi­
equilibrium was attained by deposition on the bed.
The authors stated that this principle is shown clearly by the data 
presented by Mr. Mitchell in his discussion. They felt that, fa r from 
demonstrating the inapplicability of the generalization presented 
by them as Mr. Mitchell suggested, these data supported it. They 
make the following interpretation of Mr. M itchell’s plot (Fig. 10), 
but the explanation must remain incomplete because Fig. 10, in con­
trast with the au th o r’s examples, does not include graphs of bed 
elevation, water surface, and channel cross sections.
That part of the rising stage between points 6 and 15 during 
which width was nearly constant was characterized by a nearly con­
stant load, or in other words a decreasing sediment concentration 
with increasing discharge. In  contrast, on the falling stage, between 
points 15 to 22, load changed rapidly with discharge or concentra­
tion was nearly constant.
According to the principles outlined in the paper, the authors 
would expect the rising stage to show a less rap id  change of velocity 
with discharge than the falling stage. The velocity-discharge graph 
shows this admirably. Similarly, between points 6 and 15, the depth- 
discharge curve should be steeper than between points 15 to 22, and 
the graph shows this clearly.
Using the reasoning at constant discharge, the authors called a t­
tention to the comparison of point 5 with point 21 in Fig. 10. These 
two points fall at about equal discharge on rising and falling stage 
respectively. Widths were also about equal. They postulated tha t at 
constant discharge and width, a decrease of sediment load requires 
for quasi-equilibrium a decrease of velocity at the expense of depth. 
The comparison for Fig. 10 is as follows for Q =  170,000 cfs. and 
W  =  1800 ft, :
d v  load
Rising stage (point 5) 16 7.8 3,100,000 tons/day
Falling stage (point 21) 21 5.8 1,100,000 tons/day
Thus the data bear out the postulate.
The authors warned specifically against the computation of val­
ues of b, m, /,  and j  between each daily discharge measurement or 
during very short periods as Mr. Mitchell attempted. They call a t ­
tention to their statement similar graphs for small irregu­
lar changes in discharge even for the same stations show that the
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adjustm ent is not as complete. A time lag measured in days and 
perhaps weeks is required for adjustments to take place.”
The relations between m /f ,  b, and j  shown by the authors’ Fig.
1 are considered tentative and modifications will be required as new 
data become available. The importance of the figure lies in the gen­
eral relationship of the variables ra ther than in the particular nu ­
merical values.
The authors agreed with Mr. Mitchell in the present inadequacy 
of the theory discussed for the prediction of events necessary in en­
gineering design. They maintained, however, that ideas which im­
prove understanding of scour and fill hold a promise of future prac­
tical results.
They held that Mr. Mitchell’s example in Fig. 10, if inspected in 
terms of the overall slopes of the various graphs as was done in the 
examples presented by them, demonstrates the postulated relations.
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OBSERVATIONS ON TH E NATURE OF SCOUR
By
E m m e t t  M. L a u r s e n  
Iowa Institute of Hydraulic Research, Iowa City, Iowa
F u n d a m e n t a l  C h a r a c t e r i s t i c s  o p  S c o u r
W ithin the framework of our knowledge of physical phenomena, 
certain general characteristics of the process of scour can be form­
ulated. Since in many areas the framework exists only in broad out­
line, our insight into the more detailed features of scour must de­
pend on experimentation. These details, however, must be consistent 
with the general characteristics; and the formulation of general 
characteristics, therefore, establishes an outline for the in terpreta ­
tion of experimental observations.
Scour can be defined as the enlargement of a flow section by the 
removal of material composing the boundary through the action 
of the fluid in motion. Implicit in this definition is the fact tha t the 
moving fluid exerts forces on the particles composing the boundary, 
causing their movement. The amount of material which the fluid can 
move or transport, in un it time, is termed the capacity of the flow.
I f  the principle of conservation of m atter is accepted, the local 
rate of scour is equal to the difference between the ra te  of removal 
and the rate of supply. Moreover, since no distinction is made be­
tween the material supplied and the material scoured, the rate of 
removal must equal the local capacity of the flow. Application of this 
concept to the more detailed characteristics of the scour process is 
possible if certain assumptions regarding the flow conditions at the 
boundary are made.
Even if the bulk flow is constant with time, the change in the 
boundary configuration because of scour results in unsteady flow 
conditions along the boundary. In  general, the enlargement of the 
flow section will result in a reduction of velocity along the boundary 
and, therefore, a reduction in capacity for transport. The rate of 
scour must then decrease as the difference between the capacity and 
the rate of supply decreases. Implicit in the foregoing statement is
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the notion of a limiting extent of scour. The rate of scour will equal 
zero when the capacity is exactly equal to the supply. That a limit 
exists, for which the rate of scour is equal to zero, can be deduced 
with the aid of two fu rther assumptions.
The premise tha t the velocity decreases as the flow section en­
larges can be expanded to require that the velocity becomes zero 
when the boundary extends to infinity. I f  the rate of flow is finite 
this assumption is assuredly acceptable, and is sufficient to prove 
that a limit exists for the case in which material is supplied to the 
scoured area. I f  the capacity decreases with the velocity then there 
must be some finite boundary position for which the capacity equals 
the supply. This position will be the limit to the extent of scour. 
F or the case in which there is no supply to the scour hole an addi­
tional assumption is needed — that below some critical velocity the 
capacity is zero. There must then be some finite boundary position 
for which the velocity decreases to this critical value and the rate 
of scour becomes zero. For the case of no supply, this position satis­
fies the notion of limit.
Establishing the existence of a limit to the extent of scour gives 
no indication as to the time necessary to attain  the limit. That the 
limit must be approached asymptotically can be shown. I f  the limit 
wrere to be reached in finite time, the scour must continue beyond 
the limit, or deposition (negative scour) must occur after the limit 
is reached, or the scour process must be described by two functions, 
one before and one after the limit. None of these possibilities is ad­
missible. Deposition would require a two-valued relation between 
the capacity and the difference between the actual and the limiting 
boundary. Continued scour is not compatible with the concept of 
limit. Unless some new force is added there is no reason why the scour 
function should change at the limit. If  the limit is approached 
asymptotically, however, no m atter how small the difference be­
tween the actual and limiting boundary, there is always a small rate 
of scour so tha t the limiting position is approached more closely. 
Not until the limit is reached at infinite time does the rate of scour 
become zero. This process is orderly and continuous.
To recapitulate, the following general characteristics which should 
be basic to any detailed analysis of local scour have been deduced:
1. The rate of scour will equal the difference between the capaci­
ty  for transport out of the scoured area and the rate of supply of 
material to tha t area.
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2. The rate of scour will decrease as the flow section is enlarged.
3. There will be a limiting extent of scour.
4. This limit will be approached asymptotically.
The premises necessary to form these characteristics are a defini­
tion of scour, the principle of conservation of m atter, and two re ­
strictive assumptions that describe the kind of process the scour 
phenomenon is expected to be. The two assumptions, which are not 
overly restrictive but rather credible in the light of general knowl­
edge of fluid mechanics and sediment transportation, a r e :
1. The movement of the fluid along the boundary ceases when the 
boundary extends laterally to infinity.
2. The capacity of the flow decreases in a single-valued continu­
ous relation as the flow section is enlarged, and decreases to zero 
before the movement of the fluid ceases.
Nothing has been said or need be said, a t this stage, about the 
mechanism of transport or the method of supply. Tt should be kept 
in mind, however, that only conditions a t the boundary are under 
consideration.
A p p l i c a t i o n  o f  F u n d a m e n t a l  P r i n c i p l e s
By using symbolic terms the first general characteristic can be 
written as an equation of scour,
^ U ( B ) ] = g ( B ) — 8  (1)
where B  is a mathematical description of the boundary, so that 
is the rate of scour,
g ( B)  is the capacity of the flow as a function of the boundary 
position, and
S  is the rate of supply.
To apply this equation to a specific situation, the rate of supply 
and the capacity of the flow (as it varies with the boundary posi­
tion) must be known. If  the relation between capacity and the ve­
locity distribution near a boundary were known exactly and if meth­
ods were available to specify the flow pattern  for any boundary 
condition, the equation of scour could be used to solve any scour 
problem. For most instances such a relation and such methods are 
not available and recourse must be had to approximations and ex­
perimentation.
How the solution for a specific instance of scour could be obtained
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within this general framework can he seen by an examination of a 
paper by Stranb [1], The specific situation was the equilibrium 
depth obtaining in long channel contractions. The procedure was
equivalent to setting ~  [/(-S)] =  0 and solving for the limitingU/l
condition of scour. A t the limit the capacity for transport in the 
contracted, scoured section must equal the rate of supply — which 
is equal to the capacity for transport in the uncontracted section. 
The contraction was sufficiently long that essentially uniform flow 
was established.
The flow was described by M anning’s formula with the same val­
ue of n in the contracted and uncontracted sections,
1 AQ 1 4Q
Q =  _  W i W S ! 1/ '  =  —  W 2d 2-/3S 21/ 2 (2) 
n n
and the capacity was described by a sediment transport formula 
of the DuBoys type with coefficients experimentally determined,
g ( B ) =  W llpyd 1S 1(yd 1S 1- t c) =  W 2^ yd2S 2(yd2S ? - T c) = 8  (3)
Upon combining Eqs. (2) and (3), an equation for depth of flow 
in the contracted portion is formed,
/ __ _^\ - 1/2' 3/74di I d i  J 
t c \  2 \  y ^ i /
( (1 — j8) 3/7) j —
Tc
+
L a )
+ -
y S j  1 - p (4)
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In  these and the following equations,
Q and Qs are the rates of flow of water and sediment 
ip and t c  are constants
and S 2 are the slopes in uncontracted and contracted sections, 
fi is the contraction so tha t W 2 =  (1 — j i ) W i, and 
di  and d2 are the depths in uncontracted and contracted sections. 
Experiments in the laboratory confirmed this relationship very 
closely. Such confirmation could be expected since the coefficients in 
the transport equation were determined under similar conditions. 
W hether Eq. (4) will apply to field conditions depends not on Eq. 
(1), which must be valid, but on Eq. (2) and especially Eq. (3), 
which are approximate. Equation (4), with r„ equal to zero, is very
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nearly Griffith’s equation [2], which is based on field observations,
This agreement between analysis, laboratory, and field indicates that 
even approximate knowledge of transport and flow conditions can 
lead to useful results.
S c o u r  b y  a  S u b m e r g e d  J e t
Under the sponsorship of the Office of Naval Research, the Iowa 
Institute is conducting an investigation of the effect of sediment 
characteristics on the scour process. A submerged jet is being used 
as the active scouring agent, and the flow as well as the sediment 
characteristics is being varied. For uniform  sands it has been found 
possible to analyze this scour process by means of Eq. (1) and the 
necessary empirically determined relationships.
The experimental boundary conditions are shown schematically 
in Fig. 1. I t  was found necessary to restrict the pendulation of the 
jet by the lip shown at the upper edge of the slot. The sand profile 
was obtained by photographing with back lighting, and the time of 
observation was recorded by the including of a clock in the photo­
graph. A typical series of profiles is superposed on Fig. 1. Sands 
having the characteristic curves designated as M, A, and B in Fig.
2 were used.
Similarity of scour profiles was established by plotting the dimen- 
sionless coordinates of the profiles; the horizontal distance from the 
slot to the crest of the dune was used as the repeating variable (Fig.
d  2 — di ( 5 )
w.s.
<\j
tv
<3
F i g . 1 . S c h e m a t i c  o f  E x p e r i m e n t a l  E q u i p m e n t  f o r  S c o u r  b y  
S u b m e r g e d  J e t .
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3). Except for the profiles representative of an initial transitory 
stage of scour, all the profiles of a run  superpose if plotted in this 
manner. Moreover, the profile forms for all runs of any one sand 
were almost identical and the forms for the various sands differed 
only slightly.
A t the beginning of each run  the sand was moved as bed load. 
D uring this transitory  stage, the vertical dimensions of scour hole 
and dune increased faster than the horizontal dimensions. When 
the upstream  face of the dune reached the natural angle of repose, 
the mechanism of transport changed to suspension. The sand was 
then entrained by the flow, largely at the point of impingement, and 
was lifted in suspension by the upward currents of the flow. Some 
of the sediment was re turned to the scour hole by the large counter­
clockwise eddy shown in Pig. 4. The greater p a rt of the sediment 
was deposited on the upstream  face of the dune and slumped back 
into the scour hole. The sand removed from the scour hole was con-
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fined to that portion which deposited downstream from the crest of 
the dune.
Having established similarity of profiles it was sufficient to ex­
amine one typical dimension in the investigation of the variation 
of the extent of scour with time. The variation of the extent of 
scour with time is plotted in Fig. 5, the distance xD (see Fig. 4)
having been chosen as a typical length. A fter the transitory  stage it 
can be seen that the plotted points scatter around the straight lines 
with the logarithm of a time param eter as abscissa. This would seem 
to indicate that the extent of scour would become infinite as time 
became infinite — in contradiction to characteristic No. 3 of the first 
section, that there must be a limit to the extent of scour.
By reducing the velocity of flow after a scour hole had developed, 
conditions could be imposed so that the sand particles rarely moved 
at the point of impingement, and movement of any particle over the 
crest was hardly conceivable. An increase in velocity would increase 
the amount of movement. The limiting velocity for any given size 
of scour hole was arbitrarily  defined as the velocity which appeared 
to carry particles to, but not over, the crest, during a period of ob­
servation of several minutes. The points in Fig. 6 were thus ob­
tained. To provide a distinguishing notation, xD at the limit has been 
called xL. A limit such as indicated in Fig. 6 and a relationship 
between extent of scour and time as indicated in Fig. 5 can both 
exist only if the true function is approximately logarithmic over a 
considerable range and yet approaches a finite limit. That such a 
function can describe the phenomenon will be shown.
In  order to obtain an independent measure of the capacity func­
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tion, a sand hopper was added to the experimental equipment. The 
same experimental procedure was used as before, except that, above 
the slot, sand was supplied at a measured rate. A scour hole and 
dune formed as before and the pattern  was essentially the same as 
without the sand feed. The dune advanced downstream until the 
rate of removal of sand from the scour hole equaled the sediment 
supply. The position of the upstream  face of the dune then moved 
upstream. The effect of the boundary configuration on the capacity 
of the flow was determined by relating each rate of sediment sup-
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ply to the position of the crest of the dune when the upstream  face 
was at its maximum distance from the slot. By varying the velocity 
and by using a second sand the composite plot of Fig. 7 was ob­
tained, thereby determining a capacity function,
Q, K CV 65
b w 2x d 4
in which b is the width of the channel, K 0 is a dimensional constant, 
and w  is the fall velocity of the sediment.
Since the similarity of shape had been established, the ra te  of
(6 )
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scour per u n it width could be written as :
d  , d A  d ( x D2)
d t d t K , d t
in which the coefficient K s for the different sands is 0.14 for sands 
M and A, and 0.15 for sand B. These coefficients were determined 
from sim ilarity plots such as Fig. 3. By modifying the capacity 
function to include a limit xL for which capacity would be zero, and 
inserting Eqs. (6) and (7) in Eq. (1) a differential equation of 
scour was obtained,
d(xn-)  AYF0'5
K .
dt w~ ' xd
This equation can be integrated to give,
1 + 0  d/ X l Y
( - - - )  X 4 s LiJ
•( ) ( . ) In K q V 6-5K sw 2X l° t
(8 )
( 9 )
1— (xDJxLy  _
As is seen from Fig. 8, the function / ( XdJxl) has the desired char­
acteristics of approximating, over a considerable range, a straight 
line with semi-logarithmic plotting and also being asymptotic to a 
limit.
Agreement between the above theory and experiment was realized 
when values of xL from the straight line on Fig. 6 were used in Eq. 
(9). That the xL values to be used in Eq. (9) are smaller than those 
determined by experiment might be expected, because Eq. (6) is 
a simple approximation of the capacity function. The effect of tu r ­
bulence is not fully included therein — especially a t the limit for
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which occasional turbulent velocities, but not the mean velocity, can 
be sufficient to enlarge the scour hole. I f  the equivalent expression 
for xL,
is substituted in Bq. (9), a new set of parameters for the coefficient 
of t is obtained, and Bq. (9) takes the form :
t ( Xd^ _ K „  (A y /P) 7/i w /a  ^
\ x j  Ci6 a13/* K s V /V a A y /p  (11)
w /a
=  c2 --------- - ----- : *
K* V / V  aAy/p
This equation is a mean line through the points in Fig. 9. The points 
off the lower end of the line are from high-velocity runs of short 
duration. Subtraction of a time for flow establishment would bring 
these points closer to the theoretical curve. A combination of Figs. 
8 and 9 results in Fig. 10, wherein the extent of scour, instead of 
a function of the extent, is plotted against time.
S c o u r  A r o u n d  B r id g e  P i e r s  a n d  A b u t m e n t s
Under the sponsorship of the Iowa State Highway Commission 
and the Bureau of Public Roads, the Iowa Institu te is conducting
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a comprehensive study of the bridge-pier scour problem. The results 
of the first two phases of this study have been reported in detail 
elsewhere [3, 4] and only those results pertinent to the general 
scour problem will be stressed here.
I f  an obstruction, such as a bridge pier, is placed in a natural 
sediment-bearing stream, the flow pattern  in the immediate vicinity 
of the obstruction is greatly modified. Since the capacity for sedi­
ment transport is dependent largely upon the velocity at the level 
of the particles in motion on the bed, the transport capacity at 
points near the obstruction will also be modified. As a result of the 
variation in capacity in the vicinity of the pier, scour will occur 
where capacity exceeds supply. The enlargement of the boundary 
caused by the scour will fu rther modify the flow pattern  — and in 
tu rn  the scouring action — continually approaching a limiting, or 
equilibrium, flow and boundary condition.
F or the study of the effects of velocity, depth of flow, and sedi­
ment size, a transport flume, with a trap  for determining the rate
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of sediment transport and an elevator for adding sand at that rate, 
was used. A typical pier with a web set at an angle of 30° to the 
flow has been used in all these experiments to date. The range of 
tests has included depths of flow from 0.2 to 0.9 foot and velocities 
from 1.0 to 2.25 fps. The lower limit on the velocity was the require­
ment of appreciable bed-load movement; the upper limit was im­
posed either by an approach to critical flow in the flume or by sand 
jumping the trap. The variation of velocity and depth resulted in 
a fifty-fold variation in the rate of sediment transport. Sands A -l 
and M of Fig. 2 have been tested.
The relation between equilibrium depth of scour and the velocity, 
depth of flow, and sediment size is indicated in Fig. 11. The effect, 
if any, of velocity and sediment size is so small as to be within the 
precision of the measuring instrument. The effect of depth of flow 
is considerable, although the relationship is not one of direct pro­
portionality.
These experimental results cau be rationalized in the light of the 
general characteristics of the scour process. F or the velocity to have 
no effect on the equilibrium depth of scour, the capacity for trans­
port of the spiral roller at that scour depth must always equal the 
rate of sediment supply as furnished by the bed-load movement in 
the flume. This can be true only if the capacity of the roller and the 
capacity in the flume bear the same relation to the mean velocity of 
flow. In  the scour hole, the velocity at the grain  level is a function
S olid  Points: S an d  M  -o- 2.00
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of the velocity of the roller ; in the flume, it is a function of the 
mean velocity. The velocity of the roller, as a first approximation, 
could be expected to bear a constant ratio to the mean velocity of 
flow. Therefore, the velocity at the level of the moving grains in the 
scour hole and in the flume should result in balanced capacities no 
m atter what the absolute magnitude of the mean velocity. Essen­
tially the same argument will explain the lack of change of scour 
depth with a change in the size of the uniform  sand.
A similar analysis will show that the depth of scour should in­
crease with the depth of flow. As a result of the vertical velocity 
distribution, the velocity at the level of the moving sand grains in 
the flume will decrease as the depth of flow increases. Since this ve­
locity is the active agent of transport, the rate of sediment transport 
in the flume will also decrease. For an equilibrium depth of scour 
to obtain, the capacity of the roller must similarly decrease. The 
vertical velocity distribution has only a secondary influence on the 
roller velocity. The roller must, therefore, increase in size to be re­
duced sufficiently in velocity, and thereby in capacity —- resulting 
in a greater depth of scour for greater depths of flow.
The rationalization in respect to the effect of velocity on the 
equilibrium depth of scour was confirmed by a series of tests on rate 
of scour. For this series the sand bed of the flume was replaced by 
bricks except in the vicinity of the pier. Transport into the hole was 
thus minimized. The ra te  of scour as a function of the depth of scour 
is shown in Fig. 12. The scour rate a t small depths of scour should 
be disregarded because of the unsteadiness of flow during establish­
ment, and at depths approaching the equilibrium because transport 
into the hole becomes significant. I f  the middle portion of each rate- 
of-scour curve is extrapolated, the capacity of the roller at the 
equilibrium depth is found to be equal to the transport into the hole 
under normal transport conditions.
Two qualifications, implicit heretofore, limit this analysis of 
bridge-pier scour. The lower limit is expressed by the requirement 
for general bed-load movement. As flow conditions approach the 
critical for sediment movement, the turbulence structure assumes 
greater importance. The upper limit is expressed by the require­
ment for sub-critical flow ( F < 1 ) .  The flow patterns for Froude 
numbers greater and less than unity  will be markedly different.
Large scale experiments are needed to explore fully the effect of 
depth of flow 011 the equilibrium depth of scour. The depth' of flow
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should not be considered merely a geometric length variable. In ­
deed, its influence does not appear to be direct, but indirect through 
its influence on the relationship between the transport capacity in 
the unobstructed stream and in the scour hole. The dynamics of 
the flow and the state of the bed may, therefore, have secondary in­
fluences implicit in the effect of the depth of flow. However, if the 
qualifications mentioned above are met, the velocity of flow and sedi­
ment size, insofar as they determine the absolute rate of transport, 
should not affect the equilibrium depth of scour no m atter what the 
scale. I t  is this simplification which gives promise th a t a correlation 
between field and laboratory may be possible.
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C o n c l u s i o n s
By reasoning from a few premises, several general characteristics 
of scour were demonstrated — that the rate of scour is equal to the 
difference between the capacity of flow and the rate of supply, that 
the rate of scour decreases as the extent of scour increases, and that 
there is a finite limit to the extent of scour which is approached 
asymptotically. The first of these characteristics must be true of all 
scour phenomena. The others are true if the flow pattern  complies 
with the restrictive assumptions made. For most cases of scour, the 
assumptions are credible. Other assumptions, of course, might be 
adopted to describe the flowr pattern  in some special circumstances. 
The deduction of similar characteristics should then follow.
The re-examination of S trau b ’s solution for the depth of flow in 
a long contraction showed the assumed characteristics to be in ac­
cord with a particular case of scour for which laboratory and field 
measurements were already available.
The effectiveness of these principles in an original analysis was 
then demonstrated for the case of scour by a submerged jet. By 
using an approximate experimental capacity function the differen­
tial equation of scour was integrated to give a relationship between 
the extent of scour and time. Experimental data confirmed the 
analysis.
The usefulness of the general concepts in interpreting experi­
mental results was illustrated for the case of scour around bridge 
piers and abutments. The experimental observations that velocity 
of flow and sediment size had no measurable effect 011 the equilibri­
um depth of scour were rationalized from the premise that the 
transport capacities in the unobstructed flume and in the scour hole 
have the same relationship to the mean velocity of flow. The equilib­
rium  then does not depend on the absolute rate of transport, but 
only on a balance between the two capacities. The same reasoning 
was used in explaining why the depth of flow had an influence on 
the equilibrium depth of scour. Although this influence cannot 
even be approximately expressed from the limited range of the ex- 
perminents, large-scale experimentation should provide data for 
such an expression. The simplification of the problem that has been 
obtained indicates that correlation between field and laboratory 
should be possible since the absolute rate of transport does not need 
to be scaled.
In  essence, the formulation of the general characteristics trans­
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forms the scour problem into the problems of the determination of 
flow patterns and of the relation between the flow pattern  and the 
transport capacity of the flow. Although these two problems usually 
depend upon experimental determination, the general concepts pro ­
vide a guide for interpretation and analysis.
D is c u s s io n
Mr. Parsons said that Mr. Laursen has employed straightforw ard 
reasoning in the analysis of the scour problem. A logical concept of 
the overall process of scour has been used as the basis for the test­
ing program and for orderly determination of the associations of 
variables that enter into the mechanics of the scour process. The first 
assumption or deduced characteristic that the rate of scour is equal 
to the capacity of the flow at the spot under consideration less the 
rate of supply appears to be ra ther a definition of capacity.
He called attention to a tacit assumption made in the analysis 
which is undoubtedly correct for the conditions of the experiments. 
This assumption is that the fall velocity is the correct representa­
tion of the effect of qualities of the bed material. This is correct so 
long as the mode of transport is by suspension and th a t suspension 
is due to vertical components of the flow. He felt that if transport 
is occurring in close proximity to the bed, investigators should seek 
a more realistic expression of the pertinent qualities of the material 
being transported. However, even here the fall velocity may be a 
sufficiently close approximation.
Mr. Parsons believed that Mr. Laursen had deduced in a convinc­
ing manner that there is a finite limit to the extent of scour. F u r ­
thermore, he had devised and performed ingenious tests to prove it 
and to measure the scour at the limit.
Mr. Rouse wished to emphasize the point th a t neither the velocity 
of flow nor the size of sediment affects the scour around bridge piers. 
This significant conclusion, which results from the interrelated de­
pendence on mean velocity of the transport both on the stream bed 
and in the scour hole, leads to a marked simplification of a complex 
problem.
Mr. Je tte r expressed his interest in the work of Yarnell and Nag- 
ler in determining bridge coefficients. He once asked Yarnell what 
would be the effect of debris caught against the bridge piers on the 
discharge coefficients. F u tu re  studies could be made along the line
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of the effect of debris on scour and on the design of piers to mini­
mize debris catchment.
Mr. Izzard said that practicing engineers are aware of the drift, 
or debris, problem, but feel th a t the general problem must be at­
tacked one factor a t a time. There are a number of variables which 
affect the problem; as some are understood, others will be added. 
The relationship of the bridge opening to the total flood plain is a 
geometric variable that may be important. The work which Kinds- 
vater is doing for the U. S. Geological Survey indicates the impor­
tance of this p a r t of the general problem even though his work is 
confined to a fixed bed. There is some indication that the amount 
of backwater caused by a bridge opening is not changed by piers in 
the opening. The losses from constriction at the bridge seem to be 
much more im portant than the pier losses studied by Yarnell.
Mr. John Dawson said that research performed under his super­
vision indicated an appreciable movement in the sand two inches 
below a sand bed in movable beds.
Mr. Albertson reported on a study in his laboratory of the scour 
resulting from solid and hollow jets directed vertically downward 
onto a bed of erodible material. W ith low tailwater elevations the 
scour hole was small. I t  increased as the tailwater increased, reach­
ing a maximum and then decreasing. This was contrary to his ex­
pectations, but he believed that it was due to changes in secondary 
circulation.
Mr. Laursen said in conclusion that considerable experimenta­
tion remains before the questions raised by the discussors can be 
answered. As Mr. Rouse pointed out, the absence of effects of ve­
locity and sediment size on the equilibrium depth of scour around 
bridge piers is a big step in predicting scour in the field from model 
studies. However, the effect of depth of flow is very probably not a 
simple geometric effect bu t may be related to the boundary layer. 
Furtherm ore, the sorting that can occur with natu ra l non-uniform 
sediments may have a great importance in the field. Mr. Izzard has 
mentioned another im portant consideration of the bridge scour 
problem — the constriction effect. This is likely to be especially im­
portan t if the floodplain carries a high percentage of the flow but 
not an equivalent sediment load. Scour may also be a factor in the 
discharge relationship which Kindsvater is studying. Mr. .le tte r’s 
question as to the effect of debris cannot be answered at this time.
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Debris would certainly change the geometry of the pier. This effect 
will be studied as the program continues.
Movement as deep as reported by Mr. Dawson has not been noted. 
In  the case of the bridge pier, the shifting moving sand was only 
a few grain diameters in thickness. In  the case of the submerged 
jet the layer of moving sand was thicker where the je t impinged.
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A l f r e d  S. H a r r is o n  
Corps of Engineers, Omaha, Nebraska
I n t r o d u c t io n
Scope
Experience has shown that there are two characteristic types of 
sediment deposits in reservoirs along alluvial rivers: (1) those oc­
curring generally over the reservoir bottom, mostly composed of the 
finer fractions of the river sediment load — the silts and clays; and 
(2) those occurring in a characteristic delta formation a t the head 
of the reservoir, including all the coarser fractions of the river 
sediment lo ad —-the sands and gravels — but which may also in­
clude large quantities of the silts and clays. This paper will be lim­
ited to a discussion of the headwater delta deposits, with some re f­
erence to deposits which have occurred upstream  of reservoirs, but 
are not necessarily associated with them.
Purpose
The analytical procedure for predicting delta formation will be 
discussed in a general way and some conclusions which have re ­
sulted from observations at the heads of existing reservoirs will be 
offered. I t  is the purpose of this paper to suggest some of the factors 
which must be taken into account in an engineering estimate of fu ­
ture deposition at the heads of existing or proposed reservoirs, so 
that action for the control or alleviation of problems which could 
arise therefrom can be planned before the problems become serious.
The Engineer’s Interest in the Problem
It  is well known that delta deposits can progress in two directions. 
They build downstream into the reservoir and, unless the river bed 
is degrading, as it would below a dam, they extend themselves up ­
stream, progressively aggrading the river channel above the limit 
of reservoir backwater. Upstream aggradation of the river channel
199
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could under some circumstances cause the reservoir backwater effect 
to progress upstream, increasing flood heights. The growth of the 
delta into the reservoir lessens the reservoir capacity, affecting its 
economic life. In  Lake Texoma above Denison Dam [1], 49.5% of 
the deposition between 1940 and 1948 occurred in the delta area, 
large portions of which were silt and clay. Consideration of down­
stream delta building is also im portant when allocating areas for 
docks and recreation on a new reservoir. An example is a privately 
owned fishing camp located on the upper end of Possum Kingdom 
Reservoir in Texas. W hen the pool was filled in 1941, there was deep 
water a t the camp. By 1951, a delta had progressed downstream past 
the camp, creating a two-foot muddy channel, and endangering the 
camp-owner ’s livelihood.
Corps of Engineers Delta Inspection
Many of the comments presented herein are the results of obser­
vations by the wTrite r who, in the company of other Corps of En­
gineers personnel, inspected thirteen western reservoirs during Oc­
tober and November 1951. Inspection of the delta areas of these 
reservoirs was facilitated by the fact that the pools were drawn 
down considerably below normal following a long drought in the 
West. These reservoirs are listed in Table I.
T A B L E  I
R e s e r v o i r s  I n s p e c t e d  b y  C o r p s  o f  E n g i n e e r s  P e r s o n n e l
IN O c t o b e r  a n d  N o v e m b e r 1951
Reservoir River State
Denison (L ake  Texom a) Red and  W ashita Oklahoma-Texas
Possum  Kingdom Brazos Texas
Altus Red Oklahoma
Conchas South C anadian & New Mexico
Conchas
Alamogordo Pecos New Mexico
McMillan Pecos New Mexico
Avalon Pecos New Mexico
Caballo Rio Grande New' Mexico
E lep h an t B u tte Rio Grande New Mexico
Jem ez Jem ez New Mexico
Lake H avasu  (P a rk e r Colorado California
Dam )
L ake  M ead (Hoover Colorado N  evada-Arizona
D am )
G ib ra lta r S a n ta  Ynez C alifornia
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Bed-Material Load and Wash Load
The sediment load of an alluvial stream is usually divided into 
two classifications, bed-material load and wash load. Bed-material 
load consists of those grain sizes which are found in significant 
quantities in the river bed, including sands, gravels, and, in some 
cases, certain silt fractions. Wash load is silt and clay, not generally 
found in significant quantities in a river bed. I t  often comprises the 
major portion of the total sediment load. The rate of transport of 
bed-material load is a function of the hydraulic properties of the 
flow and the bed composition; hence a change in the movement of 
bed-material load through a reach while the discharge remains con­
stant can effect significant changes in the bed elevation and the bed 
composition. Though changing within wide limits, the movement of 
wash load through a reach will not alter the bed significantly. For 
a given bed and a given flow there is a definite rate of bed-material 
transport that can be maintained, while the rate of wash load trans­
ported seems to be governed mainly by its supply. D uring high 
stages, bed-material transport is confined mainly to the sandy river 
channel, while wash load is transported throughout the entire val­
ley cross section.
Deposition of Bed-Material Load
When a sediment-laden river enters a reservoir, the pattern  of 
deposition of the bed-material load differs from that of the wash load. 
Bed-material load begins to deposit a t the section in the river chan­
nel where the backwater from the reservoir first decreases the water- 
surfaee slope and increases the water depth, lowering both the ve-
F i a .  1 . I d e a l i z e d  R e s e r v o i r  D e l t a  P r o f i l e .
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locity and the transporting capacity. Deposition continues over a 
channel reach which extends into the reservoir, to a section where 
the velocity becomes too small to support transport. The result is 
a headwater delta deposit having a schematic profile illustrated in 
Fig. 1. I f  the bed-material load is made up of a range of grain sizes, 
the larger grains will deposit more readily than the smaller as the 
velocity decreases; therefore, the reach over which the fine materials 
deposit will extend farther downstream on the delta than will that 
of the coarse. The result is a gradation of the bed composition on 
the delta, the bed m ixture at the upper end being coarser than at 
the lower end. F igure 1 illustrates the delta profile at a particular 
time. Continual deposition occurs along the entire delta profile. 
Deposition at the upper backwater limit causes a flattening of the 
bed at th a t point, moving the limit of backwater upstream. Deposi­
tion near the foot of the delta decreases the water depth, increasing 
the velocity and increasing the capacity of the flow to ca rry  bed-
material load fa rther into the reservoir. The foot of the delta thus 
moves progressively down into the reservoir. F igure 2 illustrates 
this upstream  and downstream delta growth under idealized con­
ditions.
Deposition of Wash Load
In  contrast to the bed-material load, the wash load usually de­
posits more generally throughout the reservoir, but its distribution 
can be very complex. Some of the silts may deposit on the delta in 
the slack water adjacent to the channel, the rest being carried into 
the reservoir for a distance which depends on the velocity of flow 
through the reservoir. Silts will deposit fa rther downstream in nar­
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row reservoirs than in wide reservoirs. Very slow-settling discrete 
clay particles may become generally distributed throughout the 
pool during a period of inflow and may settle to form a uniform  
deposit throughout the reservoir area during a subsequent period 
of still water. On the other hand, density currents may carry  the 
clays and perhaps the fine silts 
down into the reservoir, where 
their deposits will be concentrat­
ed in the reservoir thalweg and 
in a sediment “ pool”  immedi­
ately upstream from the dam. It 
is often the case that some of the 
incoming clay load will consist 
of floes or groups of several dis­
crete particles bonded together.
The clay floes, having settling 
velocities larger than those of 
discrete particles, may settle out 
on the delta along with the 
coarser silts. I t  is also often true 
that the reservoir water is of a 
different quality than the inflow.
The change in the chemical con­
tent, brought about by intermix­
ing of the inflow and the reser­
voir water, may cause colloidal 
clay transported by the inflow 
to flocculate and settle out rap id ­
ly at the head of the pool. I f  a 
river carries much clay load, this 
effect can result in deep clay deposits, as has been found in the 
downstream ends of the deltas in both Possum Kingdom and Deni­
son Reservoirs. I t  was observed that a pole could be shoved easily 
four or five feet into the underlying soft clay deposit in the Red 
River delta of Denison Reservoir (Fig. 3). About fifty percent of 
the total deposition in the Red River arm  of Denison Reservoir is 
found in the delta; therefore, since the m ajor portion of the incom­
ing sediment is wash load, a substantial portion of this load has de­
posited in the delta. Although the characteristic form and nature 
of the growth of a delta is usually governed by the deposition of
F i g . 3 . L a k e  T e x o m a  —  R e d  R i v e r  
A r m , S h o w i n g  S u n - B a k e d  C r u s t  a t  
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bed load, it is apparent th a t significant deposits of wash load can 
occur in reservoir headwaters and greatly augment the volume of 
the delta.
G e n e r a l  O b s e r v a t i o n s  o f  E x i s t i n g  D e l t a s  
Concentration of Flow
There is evidence th a t the main thread of flow tends to remain 
concentrated on the delta a t high discharges even though the water 
depths on the delta are large and the water surface is valley wide. 
In  Lake Texoma, where the deltas in both arms are in wide valleys, 
the delta surface adjacent to the river channel seems to be as much 
as ten feet higher than the surface a little distance to the side. In ­
spection of the surface material 011 a cross section showed sand in 
and adjacent to the channel with a lateral grain-size gradation down 
to clay away from the channel. This concentration of sand marked 
the location of the channel bed at the end of the last period of sub­
stantial inflow. In  the W ashita Arm of Lake Texoma, the delta is 
building out into the wide Cumberland Pool and the sandy channel 
bed has the appearance of a long, narrow finger extending out into 
the pool on top of previously deposited delta material. In  Fig. 4, 
the same long, narrow deposit of bed material on a much smaller 
scale is shown in the case of a small tribu tary  which has pushed a 
delta into Lake Mead. Observations in a number of reservoirs seem 
to indicate th a t a substantial p a rt of the bed-material load is de­
posited in a definite channel wherein the flow tends to be concen­
tra ted  for the entire length of the delta during discharges that bring 
in im portant amounts of sediment.
Channel Alignment
Though a t a given time the flow is concentrated in a definite chan­
nel, the channel will shift to a succession of locations on the delta. 
The shifting probably is not gradual but rather takes the form of a 
series of channel avulsions. The channel remains in one place until 
its aggrading bed is somewhat higher than the surrounding delta 
and then breaks over suddenly to form a new channel in a lower 
place.
Observations indicate th a t a sinuous channel tends to straighten 
under aggrading conditions. This effect is particularly marked on 
the W ashita delta of Lake Texoma where the alluvial river channel, 
originally quite sinuous, has straightened since aggradation began 
and now more or less follows the valley alignment for most of the
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distance below the head of the delta. There is evidently a tendency 
for the river to adjust to a certain regime which is consistent with 
open-river conditions, and one of the adjustm ents the river makes 
in doing this is to maintain its bed slope at some optimum value. 
The adjustm ent of bed slope in this case is probably a function of 
the energy slope, the composition of the bed, the composition of the 
banks, and the bed-material load transport. As the original bed 
aggrades, its slope decreases, and the channel must become progres­
sively straighter to maintain the desired optimum slope. When the
F i g . 4 . L o w e r  E n d  o f  C o l o r a d o  R i v e r  D e l t a  i n  L a k e  M e a d . D e l t a  o f  S m a l l  
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channel alignment becomes parallel to the valley alignment, the 
channel has reached its minimum leng th ; and the bed slope will de­
crease from the optimum as aggradation progresses further. For 
this reason, an aggrading channel on a reservoir delta probably can 
be expected to follow the valley alignment once appreciable depo­
sition has occurred.
I f  the reservoir is drawn down fa r enough, unless scour is in ­
hibited by erosion-resistant clay deposits, the channel will be able 
to degrade and increase its bed slope to the optimum value. I f  the 
drop is too great for the channel to have a straight alignment while 
maintaining the optimum slope, the channel may begin to meander. 
Such an occurrence has taken place in the sandy Pecos River delta 
upstream of the lowered pool of Alamogordo Reservoir.
Resistance to Erosion of Clay Deposits
I t was observed that deposits of clay or silty clay, once consoli­
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dated, were extremely resistant to erosion. Figure 5 is a photograph 
of the South Canadian River channel which has cut ten feet into 
the predominantly sandy Conchas delta, exposing an old clay layer. 
I t  appeared that the layer has resisted fu rther cutting even though 
the cobbles seen in the photograph must have been carried in and 
deposited when velocities on the layer were quite high. I t  is signifi-
F i g . 5 .  C o n c h a s  R e s e r v o i r . —  S o u t h  C a n a d i a n  R i v e r  A r m , S h o w i n g  E x ­
p o s e d  C l a y  L a y e r  n e a r  L o w e r  E n d  o f  D e l t a .
cant th a t a small layer of clay can re tard  degradation on a delta 
which is predominantly easily eroded sand. F igure 6 is a photo­
graph of the Brazos River channel on the Possum Kingdom delta. 
The delta is predominantly clay in this location, and there was little 
evidence of cutting even though the pool was drawn down. Possum 
Kingdom was, a t the time of observation, typical of other reservoirs 
with drawn-down pools and deltas, the lower ends of which con­
tained extensive deposits of consolidated clay. Instead of losing 
elevation through channel degradation along the length of the del­
ta, the w ater surface on erosion-resistant deltas fell to the lowered 
pool elevation in a series of short rapids near the foot of the delta 
as illustrated in Fig. 7, a photograph taken near the lower end of 
the W ashita delta in Lake Texoma. A major portion of the erosion 
is concentrated a t these rapids, which move slowly upstream. Even 
over a period of years, however, the scouring of material from the 
delta, and its movement fa rther into the reservoir, probably will be 
negligible.
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Vertical Distribution of Deposits
Figure 8, a photograph of a 
vertical section exposed where 
the Pecos River has cut into the 
Alamogordo delta, reveals alter­
nate s trata  of sand and silty 
clay, and occasional th in  layers 
of hard clay. The shifting sandy 
channel with silt and clay de­
positing in the slack water to the 
side resulted in the alternate 
layers of sand and silty clay, 
while periods of slack water and 
high pool elevations resulted in 
the deposition of thin clay layers 
over the submerged portion of 
the delta. This stratification of 
deposits was typical of nearly 
every reservoir delta where chan­
nel cutting had exposed a ver­
tical section. One exception was 
Gibraltar Reservoir, where the
deposition was almost entirely sand. Stratification probably is not 
very pronounced at the lower ends of deltas where there are found 
deep clay deposits, resulting, perhaps, from rapid  flocculation upon
F i g . 6 . P o s s u m  K i n g d o m  R e s e r v o i r  
—  B r a z o s  R i v e r , S h o w i n g  S t r a i g h t  
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I f  the variation in the rate of 
sediment transport along a river 
reach at a given time can be de­
termined, the rate of aggrada­
tion or the rate of degradation 
at all sections in the reach can 
also be evaluated. Assume that 
the bed profile and the water- 
surface profile of an alluvial 
river entering a reservoir pool are as shown in Fig. 9a at a given 
time. For the moment, consider only bed load, for which, as already 
explained, there is a unique rate of transport for any given hydrau­
lic flow conditions and bed-surface composition. Because of the reser­
voir backwater, the rate of transport will decrease, as shown in Fig. 
9b, from the open-river rate at the upper limit of backwater to zero 
at some point in the reservoir where the velocity and the energy 
gradient are small. The average depth of deposition between two 
sections, 1 and 2, after a short time period At is given by
(q ,— q.,)At
A  L  1) y s
in which A h  =  the average depth of deposition in a short reach
A t =  the time period over which deposition took place 
A L  = .th e  distance between Sections 1 and 2 
~b =  the width on which deposition occurred 
ys =  the unit weight of deposited sediment in place 
(weight per unit volume)
entering the reservoir as sug­
gested in the discussion of wash­
load deposition. These deep clay 
deposits appeared to be present 
at the foot of the Colorado delta 
in Lake Mead, in a substantial 
reach at the lower end of the 
Brazos delta in Possum King­
dom Reservoir, and at the lower 
ends of the W ashita and Red 
River deltas in Lake Texoma.
A n a l y t i c a l  A p p r o a c h  
Basic Relationships
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P i g . 9 . T h e o r e t i c a l  W a t e r - S u r f a c e  a n d  B e d  P r o f i l e s  o f  a n  A l l u v i a l  
R i v e r . E n t e r i n g  a  R e s e r v o i r .
qi — the rate of transport at Section 1 (weight per unit 
time)
q2 =  the rate of transport at Section 2 (weight per unit 
time )
If  the ratio of finite increments (q i — q ^ )J \L  is replaced by the 
differential expression Sq/SL, and if the change in rate of this trans­
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port gradient with time is neglected, the finite depth of deposition 
at a section during a short time period is given by
A/' =  IT  W  At (2)0 ys oL
the bar having been removed from Ah because it is no longer aver­
aged over a reach of finite length. Equation (2) shows that the 
depth of deposition after the time period Ai is proportional to the 
gradient in the transport rate. The transport rates at each section 
actually will change during At, bu t it will be assumed that Ai is 
short enough th a t the initial transport rates can be taken as con­
stan t during the period without introducing a serious error. By 
taking the slope 8q/8L  at several points on the curve in Fig. 9b and 
assuming b and ys to be known, depths of deposition during a time 
At can be computed from Eq. (2) and plotted as in Fig. 9c. Equa­
tion (2) is a basic relationship for determining the increment of 
deposition at a section during a short time period. Equation (1) 
can be used if it is more convenient to deal with the average depo­
sition in a short reach.
Calculating Progressive Delta Formation
Since the initial bed in Fig. 9a is the original river bed, Fig. 9c 
is actually the delta profile afte r the first increment of time in which 
aggradation occurs. The new water-surfaee profile resulting from 
the new delta profile can be calculated and is shown in Fig. 9d. 
T ransport rates along the delta now vary as shown in Fig. 9e. From 
Eq. (2), the increments of deposition during a second time period 
At can be calculated and added to the previous profile to give a sec­
ond delta profile as shown in Fig. 9f. The procedure can be repeated 
un til an entire succession of delta profiles are plotted.
Because the water depth increases rapidly over a short distance 
downstream from the foot of the delta as shown in Fig. 9d, the 
transport ra te  will go to zero rapidly over the same distance as 
shown in Fig. 9e. The result will be a large amount of deposition 
immediately downstream of the delta foot and, if the depths of 
deposition are computed from Eq. (2), a disproportionate piling up 
of m aterial to an elevation above the delta foot may be indicated. 
Practically speaking, a river must push this material downstream 
in fron t of the delta. This results in the characteristic downstream 
building of the delta. For this reason it is felt th a t Eq. (2) should 
not be used downstream of the delta foot which exists at the begin­
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ning of the time period A t. Instead, the volume of sediments which 
passed the delta foot during A t should be distributed as indicated 
in Fig. 9f. This volume equals g/ A t /  y s in which q f is the transport 
rate at the delta foot at the beginning of the time interval. The top 
boundary of this distributed volume logically can be the down­
stream extension of the delta surface occurring at the end of A t. 
Choice of the foreset slope can be based on the results of measure­
ments in existing reservoirs. The w riter has no reliable data on fore­
set slopes for presentation, but values ranging from 0.005 to 0.01 
are suggested.
A procedure for calculating progressive delta development can 
now be outlined.
1. Determine an initial discharge, an initial reservoir pool eleva­
tion, and an initial bed profile.
2. From backwater calculations, determine the initial water- 
surface profile.
3. Calculate the varying rates of sediment transport along the 
river reach affected by backwater.
4. Assume a short time period A t and assume that the transport 
rates remain constant at the initial values during this period.
5. Calculate the depths of deposition during A t from Eq. (2). 
(Equation (1) can be used if it is preferred to divide the river into 
short reaches and compute the average depth of deposition in each 
reach.)
6. Add the depths of deposition to the initial bed profile to give 
the delta profile at the end of A t.
7. I f  the initial profile is a delta profile, calculate the volume of 
transport past the foot of the delta during A t as qfA t / y s and dis­
tribute this volume downstream as suggested above.
8. Assume a pool elevation and a discharge a t the beginning of 
the next time period At ,  and calculate a new water surface based 
on the new delta profile.
9. Repeat the procedure until the calculated delta development 
is projected as fa r into the fu tu re  as desired.
Determination of Variables
Prior to conducting the foregoing basic procedures, the engineer 
who sets out to make a calculation will be confronted immediately 
with a number of prelim inary problems which must be solved before
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a final solution can be obtained. These are discussed in the following 
p arag rap h s:
1. Channel cross section. The cross section of the channel in the 
delta is expected to vary with the channel bed composition and the 
slope of the delta. Until more is known about this variation, how­
ever, it is suggested that the cross section along the entire delta be 
assumed to be the same as the normal river cross section.
2. Channel alignment. I t  is necessary to assign a channel align­
ment on the delta in order to determine the channel bed slope. Al­
though at present there is no way of determining analytically the 
optimum slope, the assumption is th a t it is the same as the normal 
river slope. This leads to a suggestion for determining the channel 
bed slopes to be used in hydraulic and transport calculations. I f  
the computed bed plotted along the valley alignment has a slope - 
less than the normal river slope, assume that the channel alignment 
is parallel to the valley, and use the bed slope equal to that of the 
profile. If the computed bed plotted along the valley has a slope 
larger than the normal river slope, assume that the channel mean­
ders, thereby increasing its length so that the true bed slope equals 
the normal river slope.
3. Chan nel roughness. I t  is well known that the hydraulic rough­
ness of an alluvial river channel varies considerably with flow con­
ditions. For example, for the Missouri River at F o rt Randall, South 
Dakota, the value of M anning’s n varies from 0.014 to 0.045 as the 
discharge varies from 145,000 cfs to 5,200 cfs. There is a large range 
of velocities and water depths along a reach affected by reservoir 
backwater, and so it is reasonable to expect a considerable range in 
channel roughness conditions.
Einstein and Barbarossa [2] have presented a method, based on 
actual river measurements, of separating river-bed roughness into 
two components, the granular roughness of the bed material and 
extra roughness due to sand bars and to meandering of low flows 
within the channel. The extra roughness disappears for high flows, 
resulting in lower n values. The extra roughness effect is evaluated 
from an empirical plot in which one dimensionless parameter, ex­
pressing the extra roughness effect, is found to be a function of an­
other dimensionless param eter expressing the transport capacity 
of the flow. The param eter ipi is a function of the velocity of flow, 
the energy slope, and the properties of the river-bed material.
A lthough this method was developed for uniform flow conditions,
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the writer believes it can be used in the case of a channel affected 
by backwater. Holding the discharge constant and using the meth­
ods described in [2], the variation of M anning’s n with water depth 
can be computed and plotted. Using this curve to vary the channel n 
value with water depth, the water-surface profile on the delta for 
the given discharge can be computed by any standard  backwater 
method. There is one reservation. The n value should not become 
larger than that obtained when the fa param eter equals 4. The 
writer believes that the empirical curve which gives the extra rough­
ness reflects the meandering of low flows within the channel for 
values of <pi larger than about 4. The greater-than-normal depths 
for a reservoir backwater curve will prevent this sort of meandering 
from occurring in most cases. Therefore, extra roughness from this 
source will not materialize.
4. Computation of bed material transport rates. There are a 
number of formulae for computing rates of bed material transport, 
including those of Straub [3], Lane [4], Kalinske 14, 5] and E in ­
stein [6], in which the rate of transport is a function of the average 
velocity, the water depth, the energy slope, and the bed-surface mix­
ture. The velocity, depth, and slope are known for each delta chan­
nel cross section as soon as the water-surface profile is computed. 
Where no deposition has taken place, the bed surface mixture is 
that of the open r iv e r ; where previous deposition has taken place, 
the mixture is that which has resulted from calculation of the pre­
vious increment of delta formation.
The existing transport formulae have been developed for equilib­
rium river conditions, but it is assumed here th a t they can be ap­
plied to the condition of an aggrading bed. This assumption may 
have to be revised when the results of studies of transport on an 
aggrading bed, now under way at the University of California, be­
come available.
The writer suggests use of the Einstein [6] relationship because 
it presents a rational tie-in between the bed-material load trans­
ported as bed load and bed-material load transported as suspended 
load, it allows computation of load by individual grain-size frac­
tions, and it corrects for the fact th a t a given grain size behaves 
differently in a bed mixture than in a uniform  bed. A t present 
there does not seem to be another theory as complete as th a t of E in ­
stein. A t first glance the computation method seems complicated, 
but working curves can be prepared which will facilitate its use.
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The bed-surface composition at a cross section on the delta will 
change continually because the various grain sizes have different 
rates of deposition. These changes can be evaluated. I f  the initial 
bed-surface composition is assumed to be known, the transport rate 
of each grain-size fraction can be computed for various sections 
along the delta and plotted as in Fig. 10. The summation of the 
transport rates of each fraction gives the total rate of bed-material 
transport as shown in Fig. 10. From  Eq. (3), a depth of deposition 
a t a given section in a given time period can be computed for each 
grain-size fraction. Assuming the un it weight of deposited material 
is the same for each fraction, the depths deposited are proportional
F i g . 1 0 .  R a t e s  o f  T r a n s p o r t  f o r  V a r i o u s  G r a i n  S i z e s  A l o n g  a n  
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to the weights deposited. Therefore, the depths for each fraction 
computed from Eq. (2) can be combined to obtain an average me­
chanical analysis of the material deposited at a section during the 
time period. This mechanical analysis can be taken as that of the 
new bed surface.
5. Volume of wash-load deposition. There does not seem to be a 
functional relationship between discharge and the transport rate 
of wash load. The amounts which will enter the reservoir can best 
be estimated from the results of sediment concentration measure­
ments over a number of years. These data will yield an average 
production rate in terms of weight per un it time which can be used 
to estimate the wash load inflow during a time period At. The rec­
ords may show th a t there is a basis for varying the rate according 
to the time of year in which At is taken, provided At is some frac­
tion of a year.
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W hat portion of the wash load will deposit in the delta along with 
the bed-material load is a difficult question to answer. One approach 
is to assign a percentage based on the results of surveys of existing 
reservoirs for which the shape of the valley, the quality of the reser­
voir water, the quality of the inflow, and the nature of the clay load 
are similar. N aturally this percentage must increase with the prog­
ress of delta formation because the longer the backwater area, the 
greater the expected entrapm ent of silt and clay. In  general, the 
narrower the river valley the less the wash load that is expected 
to deposit in the delta area, because substantial velocities across the 
entire cross section will carry the material into the reservoir. The 
possibility of rapid  flocculation and deposition of the clays as al­
ready described should be considered.
6. Distributing deposits. The longitudinal distribution of bed- 
material load deposition on the delta comes directly from the trans­
port calculations, but its lateral distribution must be assumed. As 
long as the original channel has not filled up, the flow and the bed- 
material load deposition probably is confined to that location. How­
ever, after the original channel has filled, the shifting of the chan­
nel probably will, in time, distribute the deposition fa irly  evenly 
across the delta. Accordingly, it is suggested th a t the bed-material 
load deposition be distributed within the channel until the original 
channel fills up, and over the entire delta thereafter. This is equiva­
lent to using the channel width for b in Bq. (2) before the original 
channel fills, and using the delta width afterwards. I t  is assumed, 
as an approximation, that the delta width may be taken as the aver­
age width of the meander pattern  of the normal river. This width 
may be maintained for analytical purposes where the delta builds 
out into a wide pool.
The distribution of the wash load that deposits on the delta d u r­
ing a short period of time Ai must be assumed. Observation shows 
that these deposits are fa r  more predominant near the foot of the 
delta where velocities are small and water depths are large than 
they are near the head of the delta where conditions approach those 
of the normal river. Outside of this general observation and the 
other comments already made, the w riter can offer no suggestion 
for detailed distribution of the wash load deposition in a computa­
tion. This must be a m atter of individual judgment. The sum of the 
depths of wash-load deposition and bed-material load deposition
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during At, added to the initial delta profile, will give the new delta 
profile.
7. Reservoir elevations and inflows. The sequence of pool eleva­
tions and inflows seems to be the most im portant factor influencing 
the ultim ate shape of the delta profile. In  contrast to the idealized 
delta shown in Fig. 1, actual deltas will have very complex profiles 
resulting from a succession of deposits upstream, downstream, and 
on top of one another, depending on the sequence of pool elevations 
and inflows. Estimates of fu ture reservoir elevations and the corre­
sponding inflows can best be obtained from the reservoir operation 
studies. On the other hand, it often will be found, especially in cases 
of reservoirs operated to meet power commitments as well as to 
provide flood control, that the pool elevation will fluctuate over a 
relatively short range much of the time, or is likely to be between 
certain set limits at the time of year when major inflows occur. In 
these cases, i t  seems just as well to assume, for the purposes of an 
aggradation study, an average pool elevation which remains con­
stant.
I f  a constant pool elevation is used, the assumption of a constant 
average inflow may also be justified. In  this case, a sediment mean 
discharge should be used ra ther than a temporal mean discharge. 
This is necessary because the higher discharges transport dispropor­
tionately high sediment loads, and the average discharge for a peri­
od will usually fall fa r short of transporting the average sediment 
load. The sediment mean discharge is found as follows:
a. Obtain a discharge frequency curve showing the percent 
of the time the inflow will exceed a given discharge.
b. Calculate a bed-material load rating  curve for the normal 
river, plotting the rate of bed-material load transport against the 
river discharge.
c. Divide the range of discharges under the discharge fre­
quency curve into a series of short increments. Then
Sediment mean discharge =  2(i?'2 iq-i)
in which ! i2 is the percent of the time the discharge is in the nar­
row discharge range Q i to Q2 (from discharge frequency curve), 
and 1(72 is the average between the transport rate at Qi, and the 
transport ra te at Q2 (from the bed-material load rating curve).
8. Degradation in the delta. I f  a reservoir is drawn down appre-
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ciably from the pool elevations at which most of the delta forma­
tion occurred, the water-surface profile may be as in Fig. 11a with 
increased water-surface slopes at the downstream end of the delta. 
The computed bed-material load transport rates may increase in the 
direction of flow as in Fig. l ib ,  which means th a t the channel will 
degrade. Equation (2) can be used to compute the depth of degra­
dation at a section. Using positive values of the gradient Aq/AL,  
negative values of Ah will be obtained, indicating the depths of 
degradation at each section as in Fig. 11c. The transport th a t passes 
the foot of the delta during the time period At can be distributed
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downstream as already indicated. Material scoured from the de­
grading channel bed is thus reworked downstream into the reser­
voir when the pool is drawn down. If  it is expected that a reservoir 
will be operated so th a t the pool will be drawn down for any appre­
ciable portion of the time, the possibility of reworking should be 
considered.
On account of the erosion-resistant qualities of consolidated clay 
deposits it can be assumed th a t reworking will be negligible in del­
tas which contain moderate quantities of clay. The deltas in Deni­
son and Possum Kingdom Reservoirs fall in this category. Limited 
reworking of deposits can be expected in deltas such as those in 
Lake Mead, Conchas Reservoir, and Altus Reservoir, which contain 
smaller but significant quantities of clay. Only in deltas which are 
almost entirely sand, G ibraltar Reservoir for example, will the in­
flow have complete freedom to rework deposits farther into the 
reservoir when the pool is drawn down.
I f  channel degradation and reworking is expected to occur, the 
computation is made as described above. A section of the Conchas 
River channel is cutting into the Conchas Reservoir delta. This sec­
tion, typical of degrading sections which were observed in sandy 
deltas, is a little wider than  the normal river channel and seems to 
be widening very slowly by bank caving. In  a number of years it 
may widen natura lly  the entire width of the delta; however, it is 
reasonable to assume that the reservoir pool will rise, putting an 
end to this condition, before the widening becomes extensive. Ac­
cordingly, it is suggested th a t the width of the degrading section 
be assumed equal to the channel width in using Eq. (2). In  assign­
ing a bed composition for use in computing transport rates at a sec­
tion on the degrading bed, it is suggested that the aggradation com­
putations be referred to and the composition of the material de­
posited at the same elevation during aggradation be used. The com­
puted depths of degradation, based on bed-material load computa­
tions, should "be augmented by the percent of wash load which de­
posited previously with the bed-material load.
Simplifying Assumptions
In  view of the extreme uncertainty associated with some phases 
of the computation discussed above, particularly  the volume and 
the distribution of the deposited wash load, certain simplifying as­
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sumptions in connection with other phases seem warranted. These 
simplifying assumptions include:
1. Use of a constant channel alignment and cross section.
2. Use of a constant value of M anning’s n based on normal river 
conditions.
3. Assumption of a uniform  bed mixture in sediment computa­
tions. (This is particularly  applicable for rivers in which most of 
the bed mixture is concentrated in two or three sieve fractions. The 
size in a mixture at which thirty-five percent by weight is smaller 
is suggested as the effective sediment size.)
4. Use of a constant sediment mean inflow and a constant pool 
elevation.
I m p o r t a n t  E x t r a n e o u s  E f f e c t s
A number of phenomena associated with aggrading river channels 
may influence deposition to a fa r greater degree than reservoir back­
water alone. Special problems associated with aggrading channels 
have occurred in three widely publicized cases, including the Mid­
dle Bio Grande near San Marcial, the Lower Colorado Biver near 
Needles, and the Pecos Biver upstream  of Lake McMillan. Even 
though the problem in each of these areas occurred above a reservoir 
and may have been aggravated eventually by reservoir backwater 
effects, it should be pointed out that, in each case, the condition 
began before the reservoir backwater effect was felt and probably 
would have developed if a downstream reservoir had not been in 
existence. Since the phenomena are associated with aggrading chan­
nels, however, it  seems pertinent to describe these cases in order to 
differentiate between normal reservoir phenomena and those which 
may be anticipated only under certain special conditions.
Since before the beginning of the century, the Middle Bio Grande 
in New Mexico has been an aggrading stream due to the fact that 
irrigation depletions have reduced the clear snow melt flows while 
the heavy sediment contributions from the tributaries have re ­
mained the same or have increased. Near the town of San Marcial, 
aggradation may have been accelerated in 1890 when the Santa Fe 
Bailroad constructed a fill diagonally across the valley and con­
tracted the channel into an 800-foot bridge opening. Aggradation 
continued until the channel bed was considerably higher than the 
adjacent valley; and in the flood of 1929 the river broke out of its 
channel, flowed into the lower p art of the valley, and buried the
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town of San Mareial with a deep deposit of sand. In  the meantime, 
a high water table and the pooling of floodwaters adjacent to the 
perched channel promoted the growth of salt cedars and tules in the 
valley. This vegetative screen, in turn , promoted further deposi­
tion, and today the San Mareial area is a wide, swampy wasteland 
with a deep alluvial fill over what was once a prosperous agricul­
tu ra l valley. Although Elephant Butte Dam, 43 miles downstream, 
began to store water in 1915, the developments which led to the 
channel avulsion and extensive deposition in the valley were well 
under way before the reservoir backwater reached as fa r upstream 
as San Mareial.
A  similar situation developed near Needles, California, where the 
Lower Colorado River had aggraded until the channel bed was 
higher than the valley floor. The aggrading condition started some 
time before 1900 and might have been aggravated by an impediment 
to the flow caused by a sediment “ p lu g ”  deposited in the valley 
from Sacramento Wash, which joins the Colorado 13 miles down­
stream of Needles. In  1935, Hoover Dam, upstream of Needles, be­
gan storing water. F or five years, during the filling of Lake Mead, 
the releases were restricted to minimum demand with the result that 
a dense growth of tides took over the unused portion of the channel 
downstream. In  1941, Hoover Dam releases were increased. The in­
creased discharge could not be carried by the overgrown channel 
and the flow broke over into the valley, creating a vast swamp in 
which an almost impenetrable screen of tules soon developed. By 
1944, the swamp was valley wide at Needles and extended 13 miles 
downstream to the towrn of Topock. All semblance of a river chan­
nel had been choked out by tules, and greatly increased flood heights 
presented the town with a severe flood threat which was alleviated 
in 1951 when a new channel was dredged through the swamp area 
(see complete description by V etter). In  1937, Parker Dam was 
closed, filling Lake Havasu, the headwaters of which are near Top­
ock. There will always be some doubt, but it is not probable that the 
backwater from Havasu had progressed fa r  enough upstream by 
1941 to aggravate the situation at Needles itself, although it prob­
ably did aggravate the situation downstream.
Prio r to 1912 the Pecos Valley above Lake McMillan was prac­
tically void of vegetation except for low-growing salt cedars which 
had been introduced from abroad as an ornamental shrub. In  1915, 
volunteer seedlings of salt cedar appeared and began to multiply
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at the head of the reservoir as well as along the river fa r above the 
reservoir. Evidently, climatic and soil conditions were especially 
conducive to salt cedar growth because the vegetation has become 
very dense at the head of the reservoir and for 200 miles upstream  
(see Fig. 12). This vegetative screen has induced overland deposi­
tion of sediment fa r up the valley, resulting in a swampy condition 
and high ground-water levels in adjacent fields. Overbank deposi­
tion upstream probably was increased by contractions at the Dayton 
and Artesia Bridges which are 9 and 17 miles, respectively, u p ­
stream of McMillan Dam. Although the reservoir undoubtedly ag­
gravated the condition as fa r upstream  as the Dayton Bridge, the 
backwater effects never extended fa r enough to affect the spread 
of vegetation and the deposition which occurred upstream  of the 
Artesia Bridge.
The foregoing case histories point to two factors which should be 
considered in predicting delta development, because they may, un-
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der certain conditions, alter radically the deposition pa ttern  in and 
adjacent to the aggrading channel at the head of a delta.
1. Vegetation. The overbank sediment deposits and the high 
water table which accompany channel aggradation in some cases 
might promote the spread of phreatophytes, or water-loving plants, 
such as salt cedars, tules, willows, and cottonwoods. This vegetative 
screen may promote accelerated upstream deposition by reducing
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the overbank velocities during floods. The engineer should consult 
the agronomist in deciding whether climatic and soil conditions 
might be conducive to rapid  phreatophitic growth.
2. Contractions. The cases of the Santa Fe Railroad Bridge near 
San Marcial and the Artesia Bridge above Lake McMillan indicate 
th a t such contractions may cause backwater effects which will pro­
mote deposition of sediment upstream. There is evidence to show 
th a t “ The Narrow s”  in the Rio Grande Valley a t the head of Ele­
phant B utte Reservoir and the Granite Bridge, which crosses the 
head of Altus Reservoir, have created secondary backwater effects 
which promote deposition on the delta of sediment which otherwise 
might have been carried farther into the reservoir. The relative ef­
fect of contractions can be evaluated by making backwater compu­
tations.
Consideration of these extraneous effects points to the possibility 
of controlling reservoir sedimentation by inducing upstream depo­
sition deliberately. The Bureau of Reclamation estimates that the 
vegetative screen above Lake McMillan intercepts over eighty per­
cent of the sediment inflow, prolonging the useful life of the reser­
voir for many years. Naturally, if upstream  valley lands are well 
developed, the prevention of extra upstream  deposition is the prob­
lem; and the remedy is to maintain a clear channel through the 
length of the delta, to eliminate any man-made local contractions, 
and to keep the channel free of encroaching vegetation if possible.
C o n c l u s i o n s
A search for information through a great number of reservoir 
surveys reveals th a t reliable information on the delta portion of 
reservoirs is sparse. (Notable exceptions are Conchas Reservoir, 
Lake Texoma, and Lake Mead.) Because most surveys were con­
ducted prim arily for the determination of storage loss, only the 
portion of the reservoir below the spillway crest was considered, 
and reservoir effects upstream  to the limit of backwater were not 
taken into account. I f  there is to be a better understanding of the 
way a delta is formed, the following information should be obtained 
from some reservoirs :
1. W ater-surface profiles along the delta, during both high and 
low discharges.
2. Bed-surface samples taken along the channel from the head 
to the foot of the delta, during high discharges if possible.
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3. Borings to determine the distribution of material w ithin the 
delta.
4. Cross sections of the delta surface.
5. Surveys or aerial photographs of the channel alignment.
6. Reconnaissance of the delta after major inflows to note general 
disposition of new deposits on the delta surface.
This discussion of the various factors which must be considered 
in predicting fu ture delta formation has pointed to the need for 
more information on some of the basic phenomena involved. In  the 
opinion of the writer, the analytical tools which will enable p re­
dominantly sand deltas to be computed are on hand or are being 
developed; but for deltas which contain large amounts of clay the 
problem is still indeterm inant because of the lack of knowledge of 
the criteria for deposition of fine materials. A computation of delta 
formation due to reservoir backwater is, in itself, inadequate as an 
engineering estimate in many cases. Consideration must be given to 
the possibility of vegetation and other extraneous effects altering 
the deposition pattern.
D i s c u s s io n
Mr. Lane, discussing Mr. H arrison’s paper, commented th a t en­
gineers dealing with sediment problems have in recent years be­
come aware that the position at which the sediment coming into a 
reservoir deposits is very important. Some years ago, a common as­
sumption was that the sediment deposited in the lowest p a rt of the 
reservoir, with a level upper surface. I t  is now widely known that 
this does not occur and under the large range of conditions which is 
found in reservoirs, it is difficult to predict ju s t what will occur. 
Mr. H arrison’s paper is very valuable as an aid in such a prediction.
Probably the best way to visualize what will take place during the 
period of the filling of a reservoir, he said, is to realize th a t a delta 
will form. The deposition of sediment in an artificial reservoir is 
exactly the same as would take place if the same stream were to flow 
into a natural lake or other body of water with the same shape and 
water-level fluctuations. F or this reason a study of natu ra l deltas 
will throw a great deal of light on the deposition of sediment in 
reservoirs.
From the engineering standpoint, Mr. Lane continued, one of the 
most im portant aspects of reservoir sedimentation is the filling 
which takes place above the water level, as this has in some instances
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resulted in considerable damage as in the abandonment of the town 
of San Marcial on the Rio Grande, already cited, which was about 
18 feet above the highest water level reached in the reservoir. The 
effect was not entirely due to the dam, bu t was partly  caused by a 
general aggradation of the stream. On the Colorado River the de­
posits above the Im perial Dam have in only 7 years reached up ­
stream a distance several times as fa r as the length of the level pool 
above the dam, and this deposition would have continued to extend 
upstream  had not the construction of another dam above caused a 
degradation which limited the filling. In  regions where the supply 
is inadequate, the water used by the extensive vegetation growths 
represents a serious loss. The water use by the vegetation above 
Elephant Butte Reservoir is estimated at about 140,000 acre feet 
per year, and is largely responsible for the serious shortage of water 
which has recently occurred in the area served by that reservoir.
Mr. B ondurant reemphasized the point brought out in Mr. Vet­
t e r ’s discussion of problems along the Colorado River, that it was 
probably an aggrading stream along portions of its reach, even be­
fore construction was begun. The same thing was probably true 
along parts  of the Rio Grande and that difficulty was to be expected 
sooner or later. The Rio Grande in the valley in the vicinity of San 
Marcial probably had gone through several avulsions prior to com­
pletion of Elephant Butte Reservoir, and the flooding of San Mar­
cial might not have been entirely due to the construction of that 
reservoir.
Mr. V etter expressed his appreciation of the presentation, which 
contained several observations which coincided with those that have 
been made along the Colorado River. He wTas a little pessimistic re­
garding the computation of delta formation in an artificial reservoir 
used for power generation, as the fluctuations are so great and 
rap id  th a t conditions of equilibrium are probably never approxi­
mated. Lake Mead does not function as a natura l lake would, for 
there are fluctuations of over 80 feet from season to season. W ith 
immersion of a delta formed during low reservoir, fine sediments 
are deposited on it, which are not susceptible to analysis for rate 
or time of deposition. W hen the lake is low and spring floods come, 
the flow over the delta is very violent, waves from 5 to 6 feet high 
have been observed and the delta is being rapidly and violently chan­
nelized.
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THE TRANSPORTATION AND D EPO SITIO N  OF 
SEDIM ENTS IN  ESTU A RIES
By
C. F . W i c k e r  
Corps of Engineers, Philadelphia, Penna.
For the purposes of this paper, an estuary is defined as the tidal 
portion of a river in which the direction of flow reverses and the 
water-surface elevation rises and falls with a periodicity correspond­
ing to that of the tide in the ocean. This definition excludes rivers, 
such as the Mississippi, th a t do not reverse their direction of flow 
anywhere along their courses, yet experience a tidal rise and fall 
in their reaches. Attention is directed to the use of the word river 
in the definition; arms of the sea such as fiords, bays and lagoons 
thereby being excluded also. This definition is not necessarily 
unique, but it is perhaps somewhat more restrictive than some stu ­
dents of tidal waterway m atters would find acceptable.
Estuaries provide the only harbors for deep-draft vessels along 
the coastal-plain portions of many of the w orld’s seaboards. They 
also yield bounteous harvests of seafood. I t  follows th a t sedimenta­
tion in estuaries is of enormous economic consequence. I f  it is u n ­
controlled, ship channels will shoal, anchorages in sheltered coves 
will disappear, and the estuary will gradually fill outward from the 
shores and ultimately become a worthless expanse of marsh trav ­
ersed by a meandering stream carrying upland discharge to the sea. 
I t  must not be assumed that this process necessarily requires a ge­
ologic age for its accomplishment. I t  is a m atter of historical record 
that numerous small estuaries that were of great value to the early 
colonists of our country are now mud flats. There is also evidence, 
according to Dr. H. H. Bennett, former Chief of the U. S. Soil Con­
servation Service, that the present rap id  sedimentation of bays and 
estuaries is an abnormal condition that has developed after, or along 
with, the clearing, over-grazing and cultivation of land in the con­
tributing watersheds. W hether or not this is so, it is likely th a t even 
the largest estuaries are not self-maintaining.
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The sources of the sediments th a t shoal an estuary are the upland 
area drained by the river, the bed and banks of the estuary itself, 
organic material, and the littoral d rift in motion along the ocean 
beaches adjacent to its mouth.
All rivers transport detritus to a greater or lesser extent, depend­
ing on the characteristics of the watershed, the distribution of the 
annual rainfall, and the hydraulics of the river. Nature is hard at 
work endeavoring to level the continents and her principal tool is 
water. H er success in the past is measurable by the great deposits 
of such sediments as shale, sandstone, and conglomerates that have 
been laid down in the geologic past, as well as the unconsolidated 
materials, such as gravel, sand, and silt, that have been deposited 
more recently. The sources of these materials obviously were the 
land masses of previous geologic ages. H er continuing, and perhaps 
greater, present success in accomplishing this purpose is attested 
to by m any observers.
I t  is probable that much of this prim ary  material was deposited 
initially in the upper reaches of the estuarine portion of the river, 
from whence it is moved gradually downstream during favorable 
hydraulic conditions th a t occur from time to time in the widely vary­
ing regimen th a t is characteristic of most estuaries. In  the course 
of its slow movement, sorting and abrasion take place, and the fines 
eventually reach the lower portions of the estuary. These deposit 
more effectively in the quieter waters in coves and along the shore, 
and extraordinarily high tides build up the deposits to elevations 
sufficient for the establishment of vegetation and a teeming animal 
life. D uring periods of strong winds, these altered deposits are sub­
jected to wave attack and the tidal currents may redistribute the 
material in portions of the estuary where the hydraulic character­
istics would not perm it the original material to remain. The cycle 
continues: the eroded deposits are rebuilt more rapidly than before 
by new m aterial from the upland and gradually the mud flats creep 
out fa r  from the original shoreline.
The marine sediment materials that shoal estuaries may play a 
decisive role in their deterioration. I f  the estuary enters the ocean 
in a locality where the shoreline is composed of unconsolidated de­
posits, littoral d rif t placed in motion by wave attack on that shore­
line will transport material toward the mouth of the estuary. When 
the estuary is flooding, that is to say, its current is in the landward 
direction, much material will be carried into the waterway and
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probably deposited on an inner bar at the end of the flood. When 
the estuary is ebbing, some of this material will be eroded from the 
bar and carried seaward, to meet other material brought to the 
mouth in the meanwhile by the continuing littoral drift. Some of 
this material will be carried fa r out to sea into deep water, some 
will pass the mouth completely and reach the leeward ocean beach, 
and the remainder will be deposited on a so-called outer bar that 
will obstruct the entrance. The combination of the inner and outer 
bars will seriously affect the tidal regimen of the estuary and accele­
rate the deposition of both upland and marine sediments.
The transportation of sediments from these sources is accom­
plished by the currents, waves, and density flows acting in concert. 
The currents found in estuaries have all the characteristics of those 
in upland rivers, bu t the system is vastly more complicated. Estu- 
arine currents are prim arily generated by the tide, their essential 
characteristics vary widely from cycle to cycle even in localities 
where the basic phenomenon is considered to be relatively simple. 
As an example, i t  is not unusual for the tide at the mouth of an 
estuary on the east coast of the United States to rise from an eleva­
tion two feet below mean sea level to three feet above th a t plane 
and re tu rn  to one foot below during one cycle of 12.42 hours. The 
rise in this case amounts to five feet, the fall four feet, and the ori­
entation of the entire cycle with respect to the plane of mean sea 
level is askew. I t  follows that much more water would flow into the 
estuary from the ocean during the flood phase of the cycle than 
would leave it during the ebb. The cause of such errancies on the 
Bast Coast is the weather. The vagaries of the weather are such that 
not only can there be a considerable difference between the rise and 
fall phases of a given cycle of the tide, bu t also successive rises can 
differ widely from each other and the fall of one cycle can be much 
different from the fall of the next. The effect of these variations in 
the tidal phenomena on the currents th a t they produce is propor­
tionally as great. The tides on the Bast Coast are termed the semi­
daily type —- if the weather during one cycle is similar to th a t of 
the next, there will be only small differences between them. On the 
West Coast, even though given weather conditions prevail through 
a long period of time, the characteristics of one tide will be greatly 
different from those of the succeeding tide. Obviously, variable 
weather conditions will also modify the tide here, as on the E ast 
Coast. Although the West Coast tide is classified as the “ m ixed”
http://ir.uiowa.edu/uisie/34
type for different reasons, the term  seems to be an appropriate de­
scription of so variable a regimen. I t  is apparent that the currents 
generated by a tide th a t varies so erratically will likewise vary from 
one cycle to the next.
R eturning to the less variable regimens of East Coast estuaries, 
the cycle of events during a tide that is not m arred by erratic 
weather conditions is as follows: A t the moment of low tide at the 
mouth, the current there will be ebbing. Its  inertia will cause the 
flow to continue in th a t direction for some time after the tide has 
commenced its rise, of course decelerating as the slope it is ascend­
ing increases. W hen the deceleration is complete, i.e., the velocity 
is zero, the direction of flow at that point in the estuary will reverse 
and the flood phase of the current cycle will be entered. The current 
will accelerate to a peak velocity, then decelerate to zero velocity, 
afte r which the flow will again reverse and the ebb portion of the 
cycle will be reentered. Its  characteristics will be similar to those 
described as occurring during the flood, th a t is, the velocity will 
increase to a maximum, then decrease to zero, completing the cycle. 
Sometime during the flood current, high tide will have occurred 
locally, but for an interval thereafter, flood current will continue, 
flowing uphill at a decreasing rate.
As the great wave generated by the tide in the ocean ascends the 
estuary, similar cycles of current events occur in its wake. Thus, at 
a given moment the current can be flooding at the mouth and ebb­
ing upstream  of the mouth. I f  the estuary is long and if its char­
acteristics are such that the tide retains sufficient energy, it is pos­
sible for the current to be flooding at the mouth, ebbing for some 
distance above the mouth, and flooding in its upper reaches.
Likewise, it is possible for an estuary of considerable width and 
having m aterially greater depths in the midsection as compared 
with those along the shores to be in the flood phase of the cycle along 
the shore while the ebb phase continues in mid-channel. This condi­
tion occurs after the local passage of the low-water portion of the 
tide cycle, and a similarly complicated flow pattern  will exist at the 
time of high tide. On the other hand, if the width is very great, the 
tide can be considerably earlier in mid-channel than near the shore 
and despite momentum differences, the local reversals of current 
direction can occur earlier in mid-channel than near the shore. Up­
stream in the narrower sections of the estuary, the reversals are 
likely to be simultaneous events from shore to shore.
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The average current velocity in the entire cross section at a given 
moment can be correlated approximately with the slope through a 
short reach of the estuary, which is a function of the amplitude of 
the tide cycle, and the acceleration or deceleration of the current. 
The peak flood velocity in that cross section correlates approxi­
mately with the range of the somewhat out-of-pliase rising portion 
of the tide cycle; and likewise, the peak ebb velocity is related to the 
magnitude of the falling portion of the tide wave. Thus, the maxi­
mum velocity at a given point during a tide rising five feet will be 
approximately 5/6 as great as that attained by another flood cur­
rent at the same point when the accompanying tide rises six feet. 
Accordingly, the considerable variations of the tide at the mouth of 
the estuary are accompanied by approximately proportional varia­
tions in the current regimen of the es tu ary ; i t  is unusual for the cur­
rent velocities of one flood phase to be similar to those of the fol­
lowing flood, and the same remark is applicable to the ebbs.
By definition, all estuaries carry upland runoff to the sea. The ef­
fects of these discharges on the regimen of the estuary are of great 
importance and significance. They increase the duration of the ebb 
portion of the cycle and correspondingly shorten the flood. They 
also increase the strength of the ebb and conversely, decrease the 
velocity of the floods. These modifications of the tidal currents are 
much more pronounced in the upper reaches of the estuary than in 
the lower, as the proportion of upland discharge to the total dis­
charge of the estuary decreases toward the sea. I t  follows th a t the 
current regimen for a given upland discharge is markedly different 
from that accompanying a greater discharge; the flood current in 
the upper portions of the estuary may be replaced by a weak ebb, 
which is followed by a much reinforced true ebb. Likewise, portions 
of the estuary that experienced a flood current, with the lower u p ­
land discharge, that was approximately equal to the strength and 
duration of the ebb, now exhibit a comparatively weak flood and 
a much stronger ebb.
Obviously, the water flowing into the estuary from the sea is 
saline, and, equally obviously, the upland discharges into the w ater­
way contain only a small quantity of dissolved solids per un it of 
weight. The mixing of these waters can be completely accomplished 
within the estuary if the upland discharges are a minor fraction of 
the discharges emanating from the sea as a result of the tide. In  
such cases, there is a gradual decrease of salinity of the waters in
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the lower reaches of the estuary as the distance from the sea in­
creases, then a fairly  rap id  decrease in the middle reach, and finally 
a gradual decrease again un til a point is reached beyond which the 
water has all the characteristics of the upland discharge as to dis­
solved solids content. On the other hand, the fluvial discharge can 
approach the magnitude of the tidal discharge, and it is then found 
th a t the mixing of salt and fresh water is fa r from complete in the 
lower sections of the estuary. The water at the surface can be fresh, 
even a t the mouth, and the water on the bottom can have a salinity 
equal to th a t of the ocean. A t the entrance to the estuary, it will be 
found th a t the depth of the fresh-water stratum  below the surface 
will be small and conversely, the thickness of the stratum  of saline 
w ater great. Upstream in the estuary, the height of the saline water 
above the bottom decreases, and, ultimately, the water is fresh from 
surface to bottom. This stratum  of saline water, tapering from a 
maximum thickness near the mouth to zero at some point upstream, 
is appropriately  described as the salinity wedge.
. Although a well-defined salinity wedge is not found in all estu­
aries, a t least a rudim entary form of the phenomenon must be ex­
pected. In  the fully developed condition, it  will be found that the 
surface water moves in the upstream  direction feebly and briefly, 
if at all, and flows downstream strongly and throughout most, if 
not all, of the tidal cycle. The water at the bottom flows upstream 
during most of the tide cycle, the strongest flow occurring during 
the rising phase of the tide and the weakest during the falling. At 
the interface of the wedge, a very turbulent condition exists due to 
the combat between the outward flowing upper stratum  of water 
and the inward flowing lower stratum . In  the case of estuaries in 
which the mixing of saline and upland waters is accomplished with­
in the waterway and the wedge is not well-defined, it is usually 
found th a t the mixing action is accomplished principally within a 
given reach of the waterway, the exact location of which depends 
upon the rate of upland discharge. Thus, during a great flood, most 
of the mixing will take place fa r  down in the lower reaches of the 
es tu ary ; during a low upland discharge, the mixing is largely ac­
complished at some section much farther upstream. Wherever this 
zone may be, the flow and saline characteristics during a portion of 
the tidal cycle bear a resemblance to those found in the wedge. The 
water at the surface in this principal mixing zone is never wholly 
fresh, however, nor is the water at the bottom as saline as the waters
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of the ocean. The interface zone is very thick, so to speak, and, ac­
cordingly, there is no sharply defined point in the vertical at which 
the salinity changes abruptly  from one value to another. Neverthe­
less, the density differentials are sufficient in this reach of the estu­
ary to affect profoundly the currents. I t  will be found that the flood 
current begins earlier on the bottom than it does at the surface, and 
that the average strength of the flood portion of the cycle a t the 
bottom is greater than th a t of the ebb. Conversely, the surface ebb 
commences a little earlier than the ebb at the bottom, has a greater 
duration, and attains a higher velocity than th a t of the succeeding 
flood at the surface.
This is a very general picture of the hydraulic regimen of a typical 
estuary subject to a relatively simple tide. I t  is vastly more compli­
cated than the hydraulics of even a great upland stream, and the 
stage on which the complexities are displayed is often of heroic pro ­
portions. The estuarine portion of the St. Lawrence, exclusive of 
the Gulf, is approximately 450 miles long and has an average width 
of 40 m iles; the small Thames estuary has an average width of over 
a mile and a maximum of 10 miles in its approximately 45-mile 
course to the sea ; and the Delaware, also a relatively small estuary, 
experiences a maximum discharge a t its mouth, during a mean tide, 
that is greater than the peak discharge of the greatest flood of rec­
ord in the Mississippi at New Orleans.
Under these conditions, quantitative sediment discharge data hav­
ing an accuracy corresponding to th a t ordinarily obtained in u p ­
land streams cannot be obtained easily. In  fact, an effort to do so 
would necessarily assume prodigious proportions as the discharge 
is rapidly variable during one phase of a given t id e ; an entirely 
different but again varying regimen is set up during the next phase 
of the same tide, when the direction of flow is reversed; successive 
tide cycles may be, and usually are, quite different; and the den­
sity of the water in some reach of every estuary is not constant, nor 
is the variation constant. The great widths of the cross sections to 
be studied in themselves greatly magnify the job of obtaining satis­
factorily reliable data on sediment discharges.
As a consequence, studies of shoaling problems in estuaries are 
based on a general knowledge of the regimen, the characteristics of 
the materials contained in the shoals and the sources of such ma­
terials, also observations of the sediments in motion in a given ver­
tical in the cross section during favorable weather conditions. (In
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the wider sections of an estuary, storms produce conditions that are 
untenable for small craft.) The discussion which follows is there­
fore necessarily qualitative in nature.
Sediments brought into an estuary by the upland, or fluvial, dis­
charge are transported seaward with decreasing efficacy as the dis­
tance from the non-tidal portion of the waterway becomes greater. 
In  an estuary of steadily increasing cross-sectional area and a con­
stan t mean depth that receives an unvarying upland discharge of 
sediment and water, and which is subject to one identical tide cycle 
after another (such an estuary does not exist in nature), it  will be 
found th a t all of the sediments except the very finest and lightest 
have deposited in a given reach extending downstream from the 
point where a reversing flow is first found in the waterway, i.e., the 
head of the estuary. The coarsest and heaviest particles will be 
found a t th a t point, and the shoal will be composed of ever lighter 
and finer particles as successive sections downstream of that point 
are examined. The length of the section will depend upon the length 
of time th a t the regimen described — constant upland discharge of 
sediment and w ater and repeating identical tide cycles —- has been 
in existence. As this laboratory regimen continues, the shoal at the 
head of the estuary will assume proportions th a t will modify the 
currents in th a t locality. A reversing flow will no longer occur; the 
unidirectional flow th a t takes its place will vary from a minimum 
velocity at the time when flood flows would have been experienced 
in a clear channel to a maximum that will be greater than that 
which was attained a t full ebb in the clear channel, due to the re­
duction of the cross-sectional area. Particles having the character­
istics of those th a t formerly would deposit in this reach are carried 
fa rther dowrnstream before settling out permanently, and those that 
previously would have deposited in these downstream reaches travel 
even farther. As this “ laboratory”  regimen continues, the head­
waters shoal will creep downstream, but at a decreasing rate as the 
width of the estuary increases.
I t  must not be assumed th a t the movement of sediments is uni­
directional throughout their journey to that portion of the estuary 
wherein they finally deposit. Nearly all of the load is dropped at 
each slack water, some of i t  only temporarily. As the current in the 
opposite direction increases its strength, a scouring velocity for 
some of the particles is a tta in ed ; these move along with that current 
un til it in tu rn  has passed its maximum and has decreased until the
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velocity is insufficient to move these particular particles, whereupon 
deposition will again occur. Similarly, coarser particles deposit be­
fore slack water and must await the advent of a flow in the opposite 
direction having a higher velocity than that necessary to move the 
first class of particles considered. Thus, fine particles will travel a 
given distance downstream with an ebb before depositing a some­
what shorter distance upstream  with the ensuing flood. They then 
resume their downstream journey and settle out at or near the end 
of the period of the next ebb at a point somewhat fa rth er down­
stream than the point of deposition at or near the end of the pre­
ceding ebb. Coarser and heavier particles will not travel as great a 
distance during the complete cycle of upstream  and downstream 
movement, bu t a net downstream advance will probably occur 
nevertheless. The coarsest and heaviest particles will remain where 
deposited a t slack water.
I t  also must not be assumed that the very fine or light particles 
will necessarily be advanced via the above-described back and forth  
motion through the estuary and out to sea under this “ laboratory”  
regimen. Once the particles reach the saline portion of the estuary, 
the peculiar currents of that region will not perm it particles travel­
ling the lower stra ta  of water to accomplish a net advance seaward 
at the end of each cycle. These peculiarities are due to the salinity 
wedge; they exist to a greater or lesser extent according to the de­
gree of development of the wedge, bu t even a very rudim entary 
form of wedge will prevent the passage to sea of particles moving 
in the lower strata  for the “ laboratory”  regimen under discussion.
The saline water in this reach will produce a flocculation of the 
particles in transport, causing some of them to settle out. A shoal 
will form and grow until its dimensions have assumed proportions 
sufficient to modify the cross section appreciably. The resultant 
higher current velocities can “ defloc”  the particles and move them 
about, but flocculation will reoccur when favorable circumstances 
again exist. In  fact, it is likely th a t the particles will be flocculated 
and deflocculated many times as the shoal forms and gradually re­
duces the tidal prism by impeding the passage of the tide.
As stated before, an estuary in a locality where the coast is com­
posed of unconsolidated deposits is subject to shoaling by these sedi­
ments. They are transported to the mouth by the so-called littoral 
processes, and are deposited there as inner and outer bars. Both of 
these features are extremely adverse to the regimen of the estuary
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as they impede the entrance of the tide wave and reduce the tidal 
prism.
Thus, the “ laboratory”  estuary is shoaled in three localities: A t 
its headwaters, where the coarser and heavier particles deposit and 
gradually reduce the length of the es tu ary ; in the region where the 
salinity wedge modifies the distribution of current velocities in the 
vertical, and where the finest and lightest particles are flocculated 
and prevented from completing their journey to the sea; and at the 
mouth where the littoral materials form great bars. All of these de­
posits work towards the same end, the elimination of the tidal fluc­
tuations and the currents they generate and thus the destruction 
of the estuary. The waterway will become a river of dimensions ade­
quate to carry the upland discharges of water and sediments to sea, 
meandering along its course through vast marshlands.
Of course, no estuary possesses the ideal physical characteristics 
discussed and a regimen of such constancy cannot exist anywhere 
except in the laboratory. In  nature, it  will be found that the cross- 
sectional areas vary erratically, although tending to increase to­
wards the mouth, and mean depths will certainly not be constant 
throughout the course. Also, the entry  of tributaries will seriously 
interfere with the pa tte rn  of sedimentation described, and, finally, 
the infinite variety of hydraulic conditions th a t exist by virtue of 
variable upland discharges and tides will have a profound effect on 
the transport and deposition of sediments.
Variations of cross-sectional areas that are not in consonance with 
the ideal ra te  of increase, and errancies in the mean depths, will 
cause variations in the current velocities of both floods and ebbs. 
The velocities attained in a cross section of excessive area or defi­
cient mean depth will be less than those found at a corresponding 
phase of the current cycle a t a cross section of deficient area or ex­
cessive mean depth. The la tter can be sufficiently strong to scour 
the bed, thus adding to the volume of material from the upland that 
is in transport and accordingly accelerating the rate of shoaling in 
sections in which the current velocities are low. As a result, it is 
likely th a t the shoaling will not be concentrated in the upper 
reaches, the region affected by the salinity wedge, and at the mouth, 
bu t will be found also in the many other sections where the physical 
characteristics depart from those th a t are dictated by the ideal form. 
The unfavorable cross sections will not be adjusted properly by the 
shoaling or scouring, and the deterioration of the estuary will be
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found to proceed more rapidly than was the case in the ideal estu­
ary.
Tributaries entering the estuary introduce sediments having char­
acteristics differing from those already in transport in the main 
stream at the point of confluence. They may resemble those origi­
nally introduced by the main upland river, bu t the sorting process 
has resulted in the loss of the coarser and heavier particles in the 
upper reaches, leaving only the fines in transport at the cross sec­
tion where the tribu tary  enters. The regimen of the estuary may be 
inadequate to cope with the added burden, particularly  if it con­
tains a considerable quantity of coarser and heavier particles, and 
the rate of shoaling a t the point of confluence may be quite large. 
I t  must be remembered that the regimen of the estuary may be such 
that the tidal components are preponderant; the addition of the 
water discharge of the tribu tary  is not then of significance to the 
regimen of the main stem, but the sediments carried with it can 
constitute a considerable addition to the sediment load of the estu­
ary at the point of conflvfence.
A complication of even greater importance than the natura l 
physical characteristics, the errancies, and the occurrence of tr ib u ­
taries exists. As previously mentioned, the regimen of an estuary 
is characteristically variable. The diverse conditions th a t exist as 
a result of variations in the upland discharges and the tide have 
profound effects on the transportation and deposition of sediments. 
Depending upon the hydrology of the watershed, the upland water 
discharges into the estuary can vary from a small fraction of the 
mean to figures many times greater, and the sediment discharges 
will range through an even greater spread. The tidal currents can 
be completely obliterated in the upper reaches of the estuary if the 
upland discharges are very great, or they can be strongly reinforced 
by the abnormally high ranges of tide th a t occur if strong winds 
work in concert with the astronomical generators of the tide.
Thus, the materials that would deposit and remain indefinitely 
in the upper reaches of the estuary under a regimen of constant u p ­
land discharge and a succession of identical tidal cycles might be 
distributed widely by the powerful seaward flows th a t are generated 
by high upland discharges and “ blowout”  tides. (This perhaps col­
loquial but nevertheless descriptive term  is applied to conditions 
that prevail when strong winds in the downstream and offshore 
direction depress the elevations of the water surfaces of the estuary
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and sea fa r  below normal levels.) I t  is unlikely that such materials 
would move through a considerable portion of the total length of 
the estuary as a result of one such occurrence of the extraordinary 
conditions described, but a series of them spaced over the centuries 
will move quite coarse and heavy particles derived from erosion of 
the upland down to the mouth. There they will join the littoral 
material derived from the erosion of the sea coast and brought to 
the mouth by the littoral currents, and be deposited on either the 
inner or outer bars. I t  is practically certain that the upland mate­
rials th a t can be identified on the bars a t the mouths of estuaries 
do not reach there by the operation of the so-called normal regimens.
The great upland discharges and the occasions of extraordinarily 
powerful tidal currents, acting either singly or in concert, also 
greatly affect the hydraulics of the region ordinarily occupied by 
the salinity wedges. Saline water may be extruded entirely from 
the estuary. D uring its absence, the strength and duration of the 
flood current will be less than those of the ebb current from surface 
to bottom, ra ther than only in the upper 's tra ta , as when the wedge 
is present. This will perm it a downstream movement of some of the 
flocculated material that could not take place if the wedge were 
present. In  estuaries where the salinity wedge exists in rudimentary 
form only, it is likely that materials that were prevented from fu r­
ther seaward travel by the salinity ‘ ‘ front ’ ’ can find conditions mak­
ing such travel possible if they are pushed by a strong ebb past the 
locality usually occupied by the front. In  such estuaries, it is found 
th a t the waters downstream of the fron t are always nearly con­
stan t in density from surface to bottom, and the strengths and dura­
tions of the ebb currents, surface to bottom, are somewhat greater 
than those of floods generated by corresponding tides. The fines thus 
are gradually worked seaward, via a back and forth  motion, through 
this region below the normal location of the front. They do not de­
posit at the mouth permanently, as the practically continuous wave 
action there keeps them in suspension un til they are moved seaward 
into quieter water fa r  offshore.
E x traord inary  tidal and upland discharges can cause scour of the 
bed at reaches where the cross-sectional areas are deficient for such 
flows, and they will certainly accelerate scour at reaches that are 
deficient for normal discharges and are composed of erodible ma­
terials. I t  is also certain that the great upland discharges bring a 
much greater volume of sediments into the estuary. However, al­
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though the estuary is confronted with much more sediment to com­
bat as a result of the extraordinary discharges, i t  is likely th a t the 
beneficial results of such a regimen over-balance its deleterious ef­
fects. Shoals that accumulate during normal discharges are flushed 
away, and some sediments may be carried to sea under such condi­
tions, thus slowing the pace at which the estuary moves to destroy 
itself.
The shoals in a typical estuary experiencing a natu ra l regimen 
will not be composed of particles that are distinctively sized and 
located as described under the discussion of the “ ideal”  estuary 
that a laboratory regimen experiences. Instead, some coarse p a r ­
ticles will be found in all the shoals, and the size, as defined by some 
criterion such as median diameter, will not decrease systematically 
as the mouth is approached. There will be errancies of considerable 
magnitude, due to the variable regimen, to the entry  of tributaries, 
and also to departures of the physical characteristics from the ideal 
form. However, i t  is likely th a t a graph of median diameters will 
exhibit a trend from coarse to fine sizes as the mouth is approached. 
I f  the littoral material is typical beach sand, the bars at the entrance 
to the estuary will be composed of particles coarser than those found 
immediately upstream.
In  summary, the hydraulic regimen of a typical estuary is ex­
tremely complicated and highly variable. Accurate quantitative 
observations of the sediment in transport at the various reaches of 
such an estuary are uncommon, and accordingly much less is known 
about the mechanics of the transportation and deposition than is 
the case for upland rivers. A study of a shoaling problem in an 
estuary therefore necessarily is based on a general knowledge of 
the hydraulic regimens of which the waterway is capable, the char­
acteristics of the materials contained in the shoals, and spot sedi­
ment transport observations. The conclusion seems inescapable th a t 
most estuaries are doomed to destruction; they will become rivers 
meandering through mud flats or marshes and having dimensions 
adequate only to carry the upland discharges of water and sedi­
ment to sea.
D is c u s s io n
Mr. Simmons complimented Mr. Wicker for his presentation and 
clear demonstration of the complexity of estuary sedimentation.
Charleston Harbor, which lies on the South A tlantic Coast and 
is formed by the confluence of the Cooper, Ashley, and W ando Riv­
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ers, can be used to illustrate one of the complicated types of estu­
aries. The Cooper River discharges into Charleston Harbor almost 
all of the fresh water which enters it, and provides the controlling 
factor in this respect. The Wando River, on the other hand, has a 
much larger tidal prism than Cooper River, and is the controlling 
factor with respect to tidal flow. The Ashley River is somewhere 
between the other two, in that it lias a smaller tidal prism than the 
W ando and a smaller fresh-water discharge than the Cooper.
To complicate fu rther the hydraulics of Charleston Harbor, the 
flow of the Cooper River is regulated by the Santee-Cooper power 
project, so that the discharge frequently varies between 2,000 cfs. 
and 25,000 cfs. within a 24-hour period. Since the power plant op­
erates on a demand basis, the cycle of fresh-water discharge is fairly 
uniform  from day to day. However, since the tides follow a lunar 
cycle of approximately 24 hours 50 minutes, the relation between 
the tidal cycle and the fresh-water discharge cycle is constantly 
changing. I f  then is added to these factors the effects of the many 
divided channels and islands in Charleston Harbor, the complicated 
nature of the sedimentation processes that occur in this estuary can 
be realized.
Mr. Simmons also said that there is evidence which indicates that 
the sedimentation characteristics of estuaries vary in accordance 
with the phasing of the tides from neap to spring. The location and 
extent of shoals in estuary channels appear to be influenced greatly 
by the tidal range, so that comparison of hydrographic surveys of 
a given shoal following the neap portion of the tidal cycle with 
corresponding surveys made after the spring portion of the cycle 
may indicate only the effects of tidal range on the sedimentation 
characteristics of that particular reach of channel. Such surveys 
are often used to determine shoaling rates and dredging require­
ments, with the result th a t shoaling rates so determined vary widely 
from time to time and unnecessary dredging is sometimes under­
taken.
Mr. Baines commented that for estuaries, in which the degrading 
process lasts for thousands of years, the external conditions change 
slowly but constantly. Consequently, if viewed from the aspect of 
geologic time, the estuary can never hope to be in equilibrium. How­
ever, in order to design and build structures to be installed in estu­
aries, studies should be made of the equilibrium conditions toward
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which the estuary is striving. Once these have been determined in 
the laboratory, the principles can be adapted to the field.
Mr. Benedict asked how an estuary was produced.
Mr. Hershey, in partia l answer to the question raised by Mr. 
Benedict, pointed out that along the east coast of the United States 
either the sea level is rising or the land sinking. Rivers that in the 
geologic past flowed to the sea in canyons now submerged, are en­
tering estuaries. These have been formed by the change in the land- 
sea level relation, so that the sea is encroaching on the land, form­
ing the large embayments herein described as estuaries.
Mr. Wicker, in answering Mr. Benedict’s question, and in partial 
answer to Mr. Baines’ comment on changes with geologic time, de­
scribed the formation of the New Jersey-Delaware coast line by 
deposition from an enormous glacier 30 miles to the northward. He 
indicated also that drastically different climatic conditions pre­
vailed at that time, some 60,000 years ago, prim arily  much heavier 
rainfall, which together with the melting ice, carried great quanti­
ties of sediment, resulting in the general land configuration, includ­
ing estuaries, which is the present coast line.
Mr. Merkys inquired as to the manner of formation of bars at the 
mouth of an estuary from the movement of littoral currents.
In  reply to Mr. M erkys’ question, Mr. Wicker described the for­
mation of bars at the mouth of an estuary as a result of the conflict 
between the inward and outward flowing water of the estuary and 
the along-shore flow of water and sediment. I f  the latter is large 
with respect to the former, bars rapidly form. If  the estuary is very 
large, the littoral materials gradually encroach and bars gradually 
build up in the region of conflict.
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E F F E C T  OF SH A PE  ON TH E FA LL VELOCITY OF 
GRAVEL PA R TIC LES
By
M a u r i c e  L. A l b e r t s o n  
Colorado A  & M  College, F o rt Collins, Colo.
As man has been forced to cope with the processes of sediment 
transportation and deposition — to protect himself and utilize the 
processes to his advantage — he has slowly developed the science 
of sediment engineering. Although this science has made trem en­
dous strides, particularly  in the past few decades, there yet remain 
many areas which require fu rther study and research.
One of the areas in which considerable progress has been made 
is in relation to the characteristics of the sediment particles and the 
surrounding fluid, the susceptibility of the particles to erosion, 
transportation, and deposition. Considerable evidence has been gath­
ered which shows th a t the term inal fall velocity is of param ount 
importance as a characteristic of the sediment particles. This fall 
velocity, in turn , has been related to the properties of the sediment 
and the surrounding fluid.
P r e v io u s  I n v e s t ig a t io n s
Many scientists have made contributions toward relating the 
properties of the sediment and fluid to the fall velocity of the p a r­
ticles. The fall velocity in tu rn , has been related to the susceptibility 
of the particles to movement. These include investigations by Rich­
ards in 1908 [1], Zegrzda in 1934 [2], W adell in 1935 [3], Hey- 
wood in 1938 [4], Krumbein in 1942 [5, 6], Serr in 1948 [7], Corey 
in 1949 [8], and McNown and Malaika in 1950 [9].
Zegrzda attempted to explain the variations in Richards data  by 
introducing shape as a factor. Wadell defined sphericity  as the ratio 
of the surface area of a sphere having the same volume as the p a r ­
ticle to the actual surface area of the particle. F or simplicity and 
for practical considerations, Wadell suggested using the ratio of 
the diameter of a circle having the area of the maximum projected 
area of the particle to the area of the smallest circle circumscribing
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this maximum projected area. By this criterion, however, spheres 
and disks have the same sphericity. Heywood proposed a volume 
constant to express shape, viz., the ratio of the volume of the particle 
to the cube of the diameter of a sphere for which the cross-sectional 
area is equal to the projected area of the particle normal to the di­
rection of motion.
. Krumbein proposed an expression for sphericity
*= v W °\  A / b
in which a, b, and c are the maximum, intermediate, and minimum 
m utually prependicular axes, respectively. Serr suggested using the 
ratio of the sieve diameter to the sedimentation diameter of the par­
ticle.
Corey investigated several shape factors and concluded that, from 
the viewpoint of simplicity and effective correlation, the following 
ratio was most significant as an expression of shape
~  V ab
Q
McNown and Malaika also concluded that —=  was of major
VaZ>
significance in expressing the shape of a partic le ; they also added 
a second shape factor a/b  which expresses the relative length of the 
particle.
A n a l y s i s  o f  t h e  P r o b l e m
W ithin  the Stokes range of flow (R  <  1.0), it  is possible to de­
velop mathematical solutions which relate the fall velocity to the 
properties of the particle and the fluid. I f  water is the fluid, how­
ever, gravel particles and most sand particles have a Reynolds num­
ber beyond the Stokes range. Therefore, if R >  1.0 it is necessary to 
resort to empirical solutions. The general function relating the fall 
velocity to the pertinent variables is
<f! (F , W, d„, sf, p, p.) =  0 (1)
in which V  is the fall velocity, W  is the weight of the particle, dn 
is the nominal diameter of the particle, sf is a dimensionless factor 
describing shape, p is the density of the fluid, and /t is the dynamic 
viscosity of the fluid. Equation (1) can be expressed in dimension- 
less form as
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(2)
or
*8 ( CD, R, s f )  =  0 (3)
in which Cd is the drag coefficient and R is the Reynolds number.
Although Bq. (3) is a well established relationship, the shape fac­
tor s f  is not generally expressed in terms of measurable quantities 
but rather by names, like sphere, disk, and ellipsoid. Although shape 
factors have been proposed by many individuals, it is doubtful 
whether any single factor will ever be a completely adequate expres-
determine, as is the ratio a /b  as already mentioned.
Prom the foregoing discussion, it is reasonable to assume that as 
a first attem pt the mutually perpendicular axes should be used to 
express shape. Refinements might be made by devising some means 
of expressing the texture of the particle surface.
According to McNown and Malaika [9], the stability of particle 
orientation while falling in a fluid depends upon the magnitude of 
the inertial effects relative to the viscous effects. For Reynolds num­
bers within the Stokes range, any orientation is stable so that a p a r­
ticle will retain its initial orientation as it falls. As the Reynolds 
number is increased beyond the Stokes range a single stable posi­
tion generally becomes evident. This position is one with the maxi­
mum projected area normal to the direction of fall. A t high Rey­
nolds numbers the forces acting on the particles become unbal­
anced, the particle becomes unstable, and an oscillating motion de­
velops ; although the fall orientation is variable, the shortest axis 
tends to be parallel to the average direction of fall.
In  the following pages, a description is given of recent investiga­
tions which have been conducted in an attem pt to determine simple 
and yet significant factors expressing the shape of sand and gravel 
particles.
E q u i p m e n t  a n d  P r o c e d u r e
The purpose of this study was to determine the relationship be­
tween shape factor, Reynolds number, and drag coefficient for 
gravel particles. Therefore, because of the very irregular shapes of 
such particles, the entire study was based on the selection of random 
samples. To accomplish this, samples were taken from various
Q
sion of shape. The shape factor —=  [8, 9] is relatively simple to
V a~b
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sources and sieved into fractions. Each of the sieve fractions were 
then quartered to obtain a sample of about 10 particles to be used 
for testing. Once the individual particles had been obtained, each 
particle was subjected to a series of measurements. The lengths of 
the three m utually perpendicular axes a, b, and c were determined, 
the maximum projected area was measured in some cases, the vol­
ume or submerged weight was determined, and finally the fall ve­
locity in water was measured.
In  deciding what methods should be used for each of the meas­
urements, the principal considerations were that the equipment 
should be simple, inexpensive, as precise as necessary, and flexible, 
and th a t the system should permit rap id  measurements on a mass- 
production basis.
To accomplish these ends, a microscope was devised for the pu r­
pose of measuring the projected area and the a and b axes of the 
smaller particles. A grid  system with a spacing of 25 microns was 
placed in the field of the microscope; the nearest 5 microns could be 
estimated. Initially, a dial type of micrometer, reading to one- 
thousandth of an inch, was used for measuring the c dimension. 
However, the use of this micrometer was slow and occasionally a 
particle was crushed by its weight. Therefore, another system was 
devised, using the microscope. I t  was first focused on the top of the 
particle and then on the base on which the particle was resting. By 
reading the micrometer on the microscope at each of these settings, 
it was possible to determine the c dimension. To simplify the proc­
ess, it  was assumed th a t while resting on the table a particle would 
assume a position with its center of gravity as low as possible and 
with the maximum projected area normal to the line of view of the 
microscope.
The three axes, a, b, and c, of the larger particles were measured 
to the nearest 0.01 cm with an ordinary vernier micrometer. The 
maximum projected area of the larger particles was determined by 
placing each in a pa ir of tweezers immediately below a sheet of 
translucent cross-ruled paper. A light was arranged below so that a 
shadow was cast on the paper and the projected area could be de­
term ined by counting the squares. The arrangement of the particle 
in the tweezers was adjusted so that the maximum projected area 
was cast on the screen.
The particles were weighed on an analytical balance. To obtain 
the specific weights, the particles were suspended with a fine wire
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and also weighed submerged in still water. Approximately 200 p a r­
ticles were used.
To measure the fall velocity, a plastic cylinder 10 in. in diameter 
and 10 ft. high was filled with water or with oil. As shown in Fig.
1, the cylinder was lighted so that the particle could be seen clearly
F i g . 1 . S c h e m a t i c  D i a g r a m  o f  E q u i p m e n t  f o r  M e a s u r i n g  F a l l  V e l o c i t y .
as it fell. The curvature of the cylinder magnified the size of the 
particle, thereby increasing its visibility. Because the larger p ar­
ticles fell at rates which were too fast to time with a stop watch, a 
photographic procedure was adopted. A disk with four holes near 
the perimeter was mounted vertically on the turntable of a phono­
graph. A camera was placed behind the disk in line with the holes 
and the shutter was opened at the time the particle was dropped.
l i g h t  s o u r c e
c am era
d r o p p in g  m e c h a n i s m
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The holes in the revolving disk perm itted an image to shine on the 
film at exact intervals of time as the particle fell. A graduated ref­
erence scale was placed beside the tube and photographed with the 
falling particle. The negatives were placed in a photographic en­
larger and measurements made directly from the image.
The oil was Texaco white mineral oil A, a light colorless fluid 
having an S.A.E. ra ting  of approximately five. The velocity of par­
ticle fall in the oil was slow enough that the photographic method 
was not necessary and the particles could be timed with a stop watch 
over a distance of 100 cm. To obtain Reynolds numbers between 
I those from oil and those from water, a mixture of kerosene and oil 
j was used.
D i s c u s s io n  o f  R e s u l t s
In  an analysis of the drag coefficient as a function of the Reynolds 
number, with a shape factor as a th ird  variable, there are two indi­
vidual terms which must be studied — the area in the drag coeffi­
cient and the length in the Reynolds number, as well as their com­
bination in the shape parameters. The area associated with the drag 
coefficient for spheres and disks is that projected normal to the di-
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rection of the flow. Therefore, it is logical to assume th a t the pro­
jected area of the particle normal to its direction of fall would be 
the area to use in its drag coefficient. Because most particles falling 
outside the Stokes range align their short axes parallel to the direc­
tion of flow, the projected area would logically be the maximum. 
This area was initially assumed to be the one most useful in the 
drag coefficient. Later, however, it was decided that the direct meas­
urement of the projected area was an additional step which perhaps 
was unnecessary if it were possible to obtain a correlation between 
the maximum projected area and the product of the long and in ter­
mediate axes.
A plot of these parameters was made as shown in Fig. 2. I t  can 
be seen that the correlation is reasonably good. For purposes of
http://ir.uiowa.edu/uisie/34
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comparison, the lines for spheres and cubes (with one face perpen­
dicular to the direction of motion) are included in the plot. Obvi­
ously, the particles do not approach the cube. Because the projected 
area of the cube when oriented to present the maximum projected 
area is almost coincidental with that of the sphere, it was not plot­
ted. The data are scattered reasonably well about the projected area 
for spheres which means the projected area is approximately 0.75 
ab. The standard deviation of the variations from the mean was 
found to be 7.7 percent. In  view of this ra ther close agreement, the 
product ab was considered a satisfactory substitute for the maxi­
mum projected area of the particle. This substitution simplified to 
a considerable degree the problem of obtaining data for each p a r ­
ticle.
The process of weighing each particle was time consuming. F u r ­
thermore, it was difficult to obtain an accurate determination of the 
weight of the smaller particles, even with a micro-balance. There­
fore, considerable advantage would be gained if the product abc  
could be correlated with the volume of the particle. F igure 3 is a 
plot of this relationship and shows th a t the scatter is considerably 
greater than in the plot of area vs. ab. In  fact the standard  devia­
tion from the mean is 15.8 percent. Because of this ra ther large 
deviation, the correlation was not considered sufficiently good for 
use in the analysis of sediment samples.
Figure 4 is a plot of the drag coefficient (containing the product 
ab in place of the area) plotted against Reynolds number (con-
__ Q
taining Va& as the length term ) with the shape factor —=  as the
V a b
th ird  variable. From  this plot it can be seen th a t the smaller values 
of the shape factor give the higher values of the drag coefficient. 
There is considerable scatter in the data, however, and in some cases 
as much as a 50 percent variation in the drag coefficient for two p ar­
ticles having the same shape factor and Reynolds number. In  spite 
of the scatter, however, the data show very clearly that the larger 
values of the shape factor plot nearest the line for spheres and the 
smaller values of the shape factor plot progressively farther from 
this line. I t  is interesting to note that all the data approach the line 
for spheres as the Reynolds number drops below approximately 100. 
Evidently, for low values of the Reynolds number, the product ab 
is adequate to describe the shape of the particle. In  other words, the 
thickness of the particle seems to have only a minor effect on the
http://ir.uiowa.edu/uisie/34
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resulting drag. This observation is in accordance with the findings 
of other experimenters.
As the Reynolds number is increased, however, the effect of p a r­
ticle thickness becomes significant because of the importance of the 
point of separation and the character of the zone of separation in 
the wake behind the particle. There is considerably more scatter of 
the data in this region of higher Reynolds number, due, at least in 
part, to the fact that the unstable nature of the orientation of the 
particles results in oscillations which cause continual changes in 
both the horizontal and the vertical accelerations.
Because Malaika [10] and Corey [8] had suggested the use of 
nominal diameter in the drag coefficient to replace the projected 
area, a plot was made utilizing the nominal diameter (the diameter 
of a sphere having the same volume). This plot had the effect of 
spreading the data considerably, thereby perm itting an easier cor­
relation. Because the nominal diameter is zero for a disk which does 
not have thickness, the limit, as the shape factor goes to zero, is a 
drag coefficient of infinity. This problem, however, is not serious 
because the shape factors are seldom less than about 0.3. F igure 5 
is a plot for gravel taken from the Poudre River near F o rt Collins. 
The drag coefficient includes d n2 and the Reynolds number includes 
dn as the length term. This system of plotting spread the Reynolds 
numbers more uniformly, and the drag coefficients were distributed 
over a greater distance from the curve for spheres. Careful examina­
tion of the data reveals that the lines of constant shape factor are 
more easily defined if the nominal diameter is used than if the two 
axes a and b are used. Because the drag coefficient now includes 
only the nominal diameter and no indication of shape, the lines of 
constant shape factor do not rapidly approach the line for spheres 
at low Reynolds number.
Figure 6 is a plot of the drag coefficient versus the Reynolds num ­
ber, using the nominal diameter, for a sample taken from a rock- 
crusher plant. These shape factors correlate ra ther well bu t the lines 
of constant shape factor result in higher drag coefficients than for 
the river gravel. F igure 7 is a plot of several natural, water-borne 
gravels as compared with the material from the crusher plant. In  
this figure, it is particularly  noticeable that the drag coefficients for 
a shape factor of 0.7 agree ra ther well for the rounded na tu ra l p a r­
ticles, whereas the particles from the crusher p lan t are considerably
http://ir.uiowa.edu/uisie/34
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higher, in fact as much as 30 percent higher, than  the rounded 
gravel.
In  an effort to reduce the scatter of these data to a minimum, an 
attem pt was made to bring in the second length factor a /b .  A plot 
was made of the drag coefficient vs. the shape factor with a /b  as 
the th ird  variable. The Reynolds number was held constant. For 
small values of the drag coefficient there was an indication that the 
larger values of a /b  tended to give a larger drag coefficient for par-
tides having the same shape factor —= .  Although there was a
■\ /ab
slight tendency for a correlation in this plot, the scatter was so great 
that the length factor a /b  was not considered sufficiently im portant 
to be used, especially in view of the degree of refinement involved in 
this study.
Because of the possibility of a particle falling with different ori­
entations, several runs were made to determine what m anner of 
fluctuations in fall velocity occurred if one particle was dropped 
a large number of times. This study showed only a small variation 
for Reynolds numbers less than approximately 100. F or larger 
Reynolds numbers, the fluctuation rapidly increased. Associated 
with this difference is the fact th a t R  =  100 is approximately the 
point at which the orientation of the particles becomes unstable and 
oscillations develop. I t  was found that the stability of a particle de­
pended upon both the shape factor and the Reynolds number. If  
the particles were unsymmetrical but had large shape factors, there 
was no stable position for Reynolds numbers above 100. These p a r ­
ticles would change their orientation continuously while falling. P a r ­
ticles having small values of the shape factor but an approximately 
symmetrical shape, were stable up to relatively high Reynolds num ­
bers, 10,000 or more.
Since one of the prim ary causes for unsteadiness of motion is lack 
of symmetry in the particle, it is probable th a t no single shape fac­
tor could evaluate both the relative flatness of the particle and the 
degree of symmetry.
S u m m a r y  a n d  C o n c l u s i o n s
This study involves the investigation of the effect of shape upon 
the fall velocity of natu ra l gravel particles and crushed rock. I t  
shows that the projected area is ra ther closely approximated by ab, 
the product of the long and intermediate axes. I t  also shows that
http://ir.uiowa.edu/uisie/34
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the volume cannot satisfactorily be represented by the product of
Q
all three m utually-perpendicular axes. The shape factor — =  ap-
\ / 'ab
pears to be satisfactory as a single param eter to express shape at 
least for the degree of refinement which now exists on this subject. 
The additional refinement of adding the length factor a /b ,  which 
expresses the relative length of the particle, did not reduce the scat­
ter sufficiently to make its use advisable at the present.
Although moderately good correlation is achieved by using the 
product ab for the area in the drag coefficient and V  ab as the length 
term in the Reynolds number, better correlation was obtained by 
using dn2 in the drag coefficient and d„ in the Reynolds number.
By means of curves such as those of Fig. 5, it  is possible to im­
prove to a marked extent the laboratory evaluation of the fall ve­
locity of particles from simple data involving the physical proper­
ties of the particles. There is still considerable scatter in the data 
and much to be desired in regard to the expression of the shape fac­
tor. However, the correlation which is obtained can be regarded as 
a considerable improvement over the information previously avail­
able.
A c k n o w l e d g m e n t s
The data included in this paper represent various parts of four 
m aster’s theses in Irrigation Engineering a t Colorado A & M Col­
lege. Messrs. A rthur T. Corey and Edm und F. Shulz studied the 
influence of shape on fall velocity for sand-size particles. Robert H. 
Wilde studied the same problem for gravel-size particles and E u ­
gene Serr investigated the correlation of sieve and sedimentation 
diameters. The thesis by Mr. Serr was supervised by N. A. Christen­
sen, formerly dean of engineering, the other three by the writer. 
The writer wishes to acknowledge particularly  the assistance of 
Mr. Wilde, Research Fellow, in the collection of the data  and the 
preparation of this paper.
Recently the Corps of Engineers, through Don C. Bondurant, has 
supplied funds for assembling and analyzing the data from these 
theses and other investigations.
D is c u s s io n
Mr. McNown expressed his interest in the results presented by the 
author, particularly because his own work with Malaika and Pra- 
manik had been restricted to regular shapes. From  his earlier work
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on the effect of shape McNown emphasized two points. The first was 
the fact th a t the motion of particles which are approximately sym­
m etrical with respect to three mutually perpendicular planes is 
essentially the same as that for an ellipsoid of the same proportions, 
if the Reynolds number is less than unity. The second point dealt 
with stability of orientation. The limiting Reynolds number below 
which one position is stable and above which no stable position 
exists is definitely dependent upon particle shape. For thin and 
sharp-edged particles values as low as 100, the value cited by Albert­
son, were found, but for well-rounded particles the limiting values 
approached 1000.
Mr. John Dawson commented on his experiments at Oklahoma 
A & M College which were conducted in order to determine the ef­
fects of surges on drilling rates and the capacity of drilling mud to 
transport particles.
In  answer to a request by Mr. Mitchell, South Dakota School of 
Mines and Technology, Mr. Dawson stated that marbles had been 
used to calibrate his equipment.
Mr. Posey expressed his interest in the fact that Mr. Albertson 
had found the nominal diameter useful in the attainm ent of con­
sistent results.
Mr. B ondurant said that the fall-velocity method now being used 
by the Corps of Engineers does not give accurate results for sizes 
greater than I  mm. Microscopic measurements have indicated that 
the average values for the two methods differed so much that the 
fall-velocity method was no longer thought to be reliable.
Mr. Howe asked if the proximity of the particles to the boundary, 
which he had observed in the photographs, might not have affected 
significantly the fall velocities. Mr. Albertson replied that the par­
ticles sometimes struck the wall and th a t there was surely some ef­
fect, although he could not say how much. Mr. McNown commented 
that the effect of the boundary was surely very much less for the 
comparatively large Reynolds numbers employed in these experi­
ments than  it would have been for motion in the Stokes range.
Mr. Baines recommended the use of an independent parameter 
which does not contain the fall velocity in place of the Reynolds 
number. A combination of Cd and R in which V  is eliminated [11] 
results in the param eter F / ( p v 2),  or tt/(8  C j>R~), which is depend­
ent only on the properties of the pebble and the fluid. Apparently 
the clearest way of plotting the data is with Cd as ordinate and
http://ir.uiowa.edu/uisie/34
F
E i g .  8 . V a r i a t i o n  o f  C d  w i t h  ___ f o r  S p h e r e s  a n d  D i s c s .
p v 2
F / ( p v 2) as abscissa. F igure 8 is a plot of Co against this param eter 
for the sphere and disk. The curves thereon are similar in shape to 
those given in the paper so that they should be as easily interpreted. 
The advantages of using such a plot are th a t prior to perform ing 
experiments the range to be studied can be predicted, and that the 
fall velocity of a particle can be very quickly obtained if the weight 
of the particle, its shape factor, and the fluid properties are known. 
Otherwise, using the plots given in the paper, the method of suc­
cessive approximation is necessary.
Mr. Albertson, in closing the discussion, said the orientation of 
a particle depends upon the forces acting on it. As an extreme ex­
ample, the flow pattern  and pressure distribution around a disk 
falling outside the Stokes range are unsymmetrical except in the 
two cases where the disk is oriented either normal to the flow or 
parallel to the flow. The disk in each of these orientations is subject 
to a torque if the flow pattern  is changed in the slightest. I n  each 
case, however, such a torque tends to orient the disk normal to the 
flow — which is evidently the most stable position. A natural, u n ­
symmetrical particle, such as most gravel particles, is subject to 
unbalanced forces almost without exception regardless of orienta­
tion. Hence most natura l particles oscillate and move from side to 
side as they fall. The average orientation, however, remains that 
with the maximum cross section normal to the direction of flow.
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By using the nominal diameter, the disk becomes a special, limit­
ing case because it has zero thickness. Thus the nominal diameter 
and the drag become infinite and the fall velocity goes to zero.
The suggestion made by Mr. Baines is excellent. In  the limited 
space perm itted for this paper, however, it was necessary to consider 
only the question of whether a simple shape factor could be found 
which would improve the correlation between the fall velocity of 
the particle, the weight of the particle, the size of the particle, and 
the properties of the fluid.
From  the practical viewpoint, a plot of the drag coefficient versus 
the Reynolds number is useful only if the weight of the particle is 
the single unknown to be determined. I f  the fall velocity is desired, 
a direct solution is obtained by the method pointed out by Mr. 
Baines. I f  a direct solution for the nominal diameter is required, 
i t  is necessary to employ a param eter not containing d n, such as
in which Ay is the difference between the specific weights of
V p
the particle and the fluid. Finally, for compact usage these para­
meters can be shown conveniently on a single plot in a manner simi­
lar to th a t used by Rouse [11].
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TH E M EASUREM ENT OF TOTAL SEDIM ENT LOAD 
IN ALLUVIAL STREAMS
By
P. C. B e n e d i c t  a n d  D. Q. M a t e j k a  
U. S. Geological Survey *
I n t r o d u c t io n
The measurement of the total sediment load transported  by 
streams that flow in alluvial channels has been a perplexing prob­
lem to engineers and geologists for over a century. U ntil the last 
decade the development of equipment to measure bed load and sus­
pended load was carried on almost independently, and without 
prim ary consideration of the fundam ental laws governing the trans­
portation of fluvial sediments. French investigators during the nine­
teenth century described methods of measurement and a mathemati­
cal approach for computing the ra te  of bed-load movement. The 
comprehensive laboratory investigations by Gilbert early in this 
century provided data that are still being used for studies of sedi­
ment transport. Detailed laboratory investigations of bed-load 
movement conducted during the last two decades by a number of 
investigators have resulted in the development of additional m ath­
ematical formulas for computing rates of bed-load movement. Like­
wise, studies of turbulent flow have provided the turbulence sus­
pension theory for suspended sediment as it is known today.
Equipment for measuring sediment loads prior to the last decade 
was developed independently by each agency or investigator. This 
resulted in a variety of both suspended-load and bed-load samplers 
with little or no information as to their over-all sampling efficiency. 
The need for standardization of sampling equipment and more ac­
curate information on the sediment discharge of streams gave im­
petus to the development of the standard suspended-load sampling 
equipment now in use in the United States.
Studies of previously developed equipment for bed-load sampling 
revealed that individual investigators were more concerned with 
the mechanical operation of the equipment than with the feasibility
* Published by perm ission of the  D irector.
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of its use in sand-bed streams. This approach necessarily resulted 
in the development of equipment that proved to be entirely unsatis­
factory except for very limited studies.
S u s p e n d e d  L o ad  a n d  B e d  L oad
Advancement in the field of hydraulics with respect to quantita­
tive measurement of total sediment load has resulted from numer­
ous approaches, all of which have contributed some information. 
The prim ary problem now is one of determining the rate of bed-load 
movement as standardized equipment is available to measure the 
suspended load in most streams. The mathematical approach to the 
rate of bed-load movement has resulted in the development, by sev­
eral investigators, of bed-load equations, which include the “ salta­
tion load.”  Other investigators have pointed out that this part of 
the total load as determined by formula is insignificant in quantity.
Bed load and suspended load are not interdependent of each oth­
er. I t  seems evident that the relationship between bed load and sus­
pended load must be limited to that portion of the sediment in sus­
pension that can be found in the bed. Early  investigators used the 
terms “ suspended load,”  “ saltation load,”  and “ bed load”  to de­
scribe the three modes of transport in alluvial streams. A t present 
the trend  is to use the term  “ bed load”  to include that part of the 
saltation load that is transported very near the bed. However, this 
designation is not satisfactory unless the zone in which bed-load 
movement occurs is defined. Einstein has proposed that the zone of 
bed-load movement be called the bed layer, which has a thickness 
of two grain diameters. This results in a variable bed-load thickness, 
which depends on the particle size of the bed material.
Almost all attem pts at solving the bed-load problem have been 
based on the assumption th a t there are certain critical conditions 
of flow for which movement of bed material ju st begins. The critical 
conditions of flow that have been investigated include (1) the criti­
cal shear at the bed, (2) the critical mean velocity of flow, and (3) 
the critical velocity near the bed. Each of the concepts will be con­
sidered for comparative purposes.
Critical Shear
According to Du Boys (see list of symbols at end of paper),
To — ywVo$
I t  also can be shown that
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ts =  6 ( 7t(Z2/4  ) ywlJoS 
The immersed weight of the particle under consideration is
W  =  ~  (y p- y w)
By combining the two foregoing equations, an equality can be w rit­
ten that should obtain in the critical state
e ~  y my 0S  =  f  \ j f ~  (yP- y J
For small values of the slope of the stream bed,
tc =  \pd(yp— y W) S C
after substituting the value of r0 from the first equation above. The 
actual value of t,. has been determined by many experimenters, but 
the manner in which tc varies with the hydraulic radius (depth  of 
flow for a wide channel) has not been investigated.
Critical Mean Velocity
If  the velocity of flow is measured with respect to a given particle 
that is in motion, then
i TTo yw
rs =  k —— V 2 —
4 g
If  t s  =  <fW, by simplification, we get
 ^'in —  o V  ( d / y w) ( yp y w)
At the Iowa Institute of H ydraulic Research, Bogardi studied 
this relationship and found by experimentation th a t in metric units 
V m —  22.9 dgi/9 V yP—yw 
Simplification of the above will give
V m =  30 d / - 45
Critical Bed Velocity
If  all variables are treated  in the same manner as above except 
that the velocity at the bed is substituted for the mean velocity, an 
equation of the same type is obtained. A t Iowa, Mavis found by 
experimentation that in metric units
Va =  15.2 d gn V yp— yw 
and «-values of both 4/9 and 1/2 were determined.
In  the critical mean velocity theory, the assumption is made that 
the velocity at or immediately above the stream bed is directly re ­
lated to the mean velocity in the vertical section. This assumption
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appears to be in error, as the velocity is dependent on the depth of 
flow in alluvial streams.
Of the equations derived from the three theories, those obtained 
from the critical bed velocity theory seem to give the most consistent 
results.
Presently available bed-load formulas for the most p a rt fall into 
one of the above categories. The form in which the formulas are pre­
sented gives unduly  divergent results if applied to natura l streams. 
These discrepancies limit the applicability and value of the formulas 
if it  is necessary to have information on the total load in transport.
T o t a l  L o a d  M e a s u r e m e n t s
In  past years the measurement of total load has been confined to 
small streams and has met with varying degrees of success. In  medi­
um to large streams, total load can be obtained by measuring the 
suspended load and adding a computed figure for the bed load.
The concentration of the suspended load is obtained from samples 
collected by the depth- or point-integrating method. The concen­
tration  determined by either of these two methods is considered 
representative for the vertical section even though it is only pos­
sible to sample to a point approximately 0.3 foot above the stream 
bed. I n  deep streams the error introduced is considered insignifi­
cant. However, in shallow streams the error introduced by this un ­
measured load may be a significant percentage of the total and de­
pends on the distribution of the sediment in the vertical. In  a total 
load determination based on suspended-load measurements, the bed 
load is unmeasured and will be so considered in this discussion.
Measurements of total load in small streams can now be made by 
(1) sampling at the crests of small weirs, dams, or other places 
where it is possible to obtain a representative sample of the total 
water-sediment mixture, (2) sampling suspended load and trapping 
the bed load, and (3) sampling in a na tu ra l or artificial turbulence 
flume where all the sediment load is in suspension. This last ap­
proach is being studied inasmuch as five suitable measuring stations 
were available on alluvial streams in the Missouri River basin. This 
procedure permits the determination of the suspended sediment by 
standard  sampling methods at a so-called normal section and at a 
contracted section. A t the latter the suspended load is the total load, 
and the difference between two concurrent measurements is the un­
measured load. The unmeasured load includes the load moving on
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( A )
( b )  ( c )
F i g . 1 . M e a s u r i n g  S e c t i o n s , N i o b r a r a  R i v e r  n e a r  C o d y , N e b r . ( a )  L o o k ­
i n g  D o w n s t r e a m  a t  t h e  N o r m a l  S e c t i o n  a t  R e c o r d e r  S h e l t e r , ( b ) L o o k ­
i n g  U p s t r e a m  a t  t h e  C o n t r a c t e d  S e c t i o n , ( c )  C h a n n e l  a t  E n t r a n c e  t o
C o n t r a c t e d  S e c t i o n .
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P i g . 2 .  C h a n n e l  C r o s s  S e c t i o n s  a n d  V e r t i c a l  D i s t r i b u t i o n s  o f  V e l o c i t y  
a n d  S a n d , N i o b r a r a  R i v e r  n e a r  C o d y , N e b r .
the bed and some of the saltation and unmeasured suspended loads. 
A description of each measuring station follows:
Niobrara River Near Cody, Nebr.
Total load investigations were begun at this station in December 
1947. The topography and geology provided a unique channel ar­
rangement though in a somewhat isolated location. A natural flume 
in the form of a narrow  channel is cut in argillaceous siltstone in 
the Valentine member of the Ogallala formation. I t  is approximately 
3 ft. wide and 10 ft. deep at the upstream  end. The maximum con­
centration of the total sediment load was found a t the downstream 
side of the county highway bridge and approximately 50 ft. below 
the beginning of the flume, where during normal flow the channel 
is approximately 10 ft. wide and 10 ft. deep. Samples of deposited 
sediment taken a t periodic intervals indicate that the bed at the 
contracted section is essentially free from bed material at all stages. 
D uring high stages, tu rbulent flow does not permit the collection of 
samples.
D uring low stages (normal flow) the channel in the reach that 
contains the normal section is alluvial, except at riffles where bed­
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rock is exposed. However, during medium and high stages the chan­
nel has extensive areas of exposed bedrock.
The contracted section is about a quarter of a mile downstream 
from the normal section. This arrangement does not perm it con­
clusions to be drawn for any individual set of determinations be­
cause of the time of travel between the sections and probable changes 
in the related discharge elements. However, the average of many 
comparisons should be representative of the transport conditions 
during low to medium stages when the reach, containing the normal 
section, is considered representative of an alluvial stream.
Photographs of the measuring sections are shown in Fig. 1. Re­
sults of typical observations together with a sketch of the normal 
and contracted cross sections are shown in Fig. 2.
Snake River Near Burge, Nebr.
The reach for this investigation, begun in April 1948, consists of 
a contracted section about 12 ft. wide and 7 ft. deep for normal 
stages and a gaging section 1.4 miles downstream, 45 ft. wide and
2.5 ft. deep, for related discharge. A t the contracted section the 
river has cut through the alluvium and into the more resistant 
argillaceous siltstone, which is a p a r t of the Valentine member of the 
Ogallala formation.
The lateral distribution of sediment in the contracted section is 
not uniform because of the channel alignment and the entrance char­
acteristics of the flow. Soundings taken during measurements indi­
cated that the channel was essentially free of bed-material deposits, 
although at times such deposits may be present in the vicinity of 
the measuring section.
The stream bed a t the gaging section is composed of sand, gravel, 
and cobblestones, and the flow is swift and more turbulent than for 
a normal alluvial section. Photographs of the measuring sections 
are shown in Fig. 3. A typical set of data and a sketch of the nor­
mal and contracted cross sections are shown in Fig. 4.
Middle Loup River a t Dunning, Nebr.
The installation at this location, made in May 1949, is an artifi­
cial turbulence flume so designed th a t the quantity  of bed load is 
transported through it as suspended load because of turbulence 
created by a system of baffles. Samples for total load determinations 
are collected at a measuring sill a t the lower end with the US DH-48 
hand sampler. Point-integrated samples are also collected, using
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F i g .  3 . M e a s u r i n g  S e c t i o n s ,  S n a k e  R i v e r  n e a r  B u r g e ,  N e b r ,  ( a )  L o o k i n g  
D o w n s t r e a m  a t  t h e  C o n t r a c t e d  S e c t i o n ,  ( b ) L o o k i n g  D o w n s t r e a m  a t  t h e
G a g i n g  S e c t i o n .
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F i g . 4 . C h a n n e l  C r o s s  S e c t i o n s  a n d  Y k r t i c a l  D i s t r i b u t i o n s  o f  V e l o c i t y  
a n d  S a n d , S n a k e  R i v e r  n e a r  B u r g e , N e b r .
standard stream-gaging crane equipment and a US-P-46 sampler, 
for studies of the distribution of sediment in the vertical section. 
Depth-integrated samples are collected at wading sections upstream  
and downstream from the flume for studies of normal suspended 
load and bed load. No point-integrating sampler has been designed 
for use in wading sections.
The channel in the vicinity of the flume is typical of a sand-hill 
stream in an alluvial valley. Ground-water inflow contributes the 
major part of the normal stream flow. This results in an average 
flow of approximately 350 cfs. during the ice-free period. This stable 
flow establishes a regime whereby the stream is continually seeking 
equilibrium between the quantity  of sediment being transported 
and the capacity of the flow to carry sediment. Even though the 
ground-water inflow to this stream provides a very constant dis­
charge, the water-surface elevation at a point continually fluctuates 
approximately 0.05 ft. These rap id  changes in the elevation of the 
water surface result from variations in the magnitude of the com­
ponent parts of the total head at a given point as the resistance to 
flow is altered. A change in the configuration of the bed surface, 
such as that caused by the crest of a large dune moving past a 
point, must necessarily change the resistance to the flow of water. 
As this dune crest approaches a point, the resistance to flow will 
increase. This increased resistance to flow and accompanying de-
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( b )
F i g . 5 . T u r b u l e n c e  F l u m e ,  M i d d l e  L o u p  R i v e r  a t  D u n n i n g ,  N e b r .  ( a )  
M o d e l  o f  T u r b u l e n c e  F l u m e ,  ( b )  C o l l e c t i n g  S a m p l e  w i t h  U S  DH-48 S a m ­
p l e r  a t  M e a s u r i n g  S i l l .
http://ir.uiowa.edu/uisie/34
r¡1 AL S t J 1 IC
/
i / N %
s,
f
*// y
TURBULENC E FLUME CON TRACTIC N) .
_ _-
Me g si
15 30 45 75 90
VIDTH IN FEET
^-
THAN ,062 MM
EXPLANATION
O
Normal section 
Contracted section
F i g . 6 . C h a n n e l  C r o s s  S e c t i o n s  a n d  V e r t i c a l  D i s t r i b u t i o n s  o p  V e l o c i t y  
a n d  S a n d , M i d d l e  L o u p  R i v e r  a t  D u n n i n g , N e b r .
crease in area will necessitate higher velocities and a greater local 
slope of the water surface in order to m aintain a constant water 
discharge. These adjustments in the flow characteristics will, in 
turn , increase the local capacity of the flow to transport sediment, 
and the flow will select sediment particles from its bed to satisfy the 
increased capacity. In  this manner the stream throughout its length 
is constantly striving for equilibrium with its bed.
Photographs of the turbulence flume are shown in Fig. 5. The 
channel cross section at the measuring sections and the results from 
typical observations are shown in Fig. 6.
Fivemile Creek Near Riverton, Wyo.
The normal measuring section at this station, established in Au­
gust 1950, is located about half a mile above Fivemile Creek Falls. 
The channel sides and bed at this section consist of eroded ma­
terial and valley alluvium from the drainage basin above the sec­
tion.
The channel at the normal section continually shifts, and it me­
anders between erodible banks. Velocities and depths at any point 
in the section vary with tim e; therefore, instantaneous measure­
ments of suspended-sediment load and stream flow are not repre­
sentative of average flow conditions.
A t the contracted section the stream has cut a channel, averaging
1.5 ft. deep and 14 ft. wide in a siltstone of the W ind River forma­
tion. Bed-material deposits are not found in the channel during
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F i g . 7. M e a s u r i n g  S e c t i o n s , F i v e m i l e  C r e e k  n e a r  R i v e r t o n , W y o . ( a ) L o o k ­
i n g  D o w n s t r e a m  a t  t h e  N o r m a l  S e c t i o n , ( b ) L o o k i n g  U p s t r e a m  a t  t h e
C o n t r a c t e d  S e c t i o n .
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normal flow, which ranges from 50 to 200 cfs., derived mainly from 
the waste water of irrigation. No information is available on runoff 
for medium and high stages, caused by precipitation. The quantity  
of sediment moving into the contracted channel is apparently  equal 
to the stream capacity. I t  is believed to fluctuate rapidly  because of
F i g . 8 . C h a n n e l  C r o s s  S e c t i o n s  a n d  V e r t i c a l  D i s t r i b u t i o n s  o p  V e l o c i t y  
a n d  S a n d , F i v b m i l e  C r e e k  n e a r  R i v e r t o n , W y o .
dune movement and channel changes in the erodible bed upstream. 
Photographs of the measuring sections are shown in Fig. 7. D ata for 
typical observations and a sketch of each measuring section are 
shown in Fig. 8.
Niobrara River Near Valentine, Nebr.
The contracted section a t this measuring site, operated from No­
vember 1950 to Ju ly  1951, was caused by sluffing of the river bank in 
October 1950. The sluffed material was Brule clay, and it formed a 
contracted section satisfactory for a tem porary measuring installa­
tion. Samples were collected with portable cable equipment from 
a footbridge at the contracted section, and by wading at several 
other sections upstream and downstream. W ater-surface slopes were 
observed in the reach downstream from the contracted section. The 
study was in terrupted in Ju ly  1951 when flood runoff5 washed out 
a part of the sluffed m ateria l; consequently, the section was widened, 
and the turbulence was reduced below total load requirements. 
Photographs of the contracted section and one of the wading sec-
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(b)
F i g . 9 . M e a s u r i n g  S e c t i o n s ,  N i o b r a r a  R i v e r , n e a r  V a l e n t i n e , N e b r . ( a ) 
V i e w  o p  N o r m a l  S e c t i o n  j u s t  D o w n s t r e a m  f r o m  B u f f a l o  B r i d g e , ( b ) L o o k ­
i n g  D o w n s t r e a m  f r o m  t h e  U p p e r  E n d  o f  C o n t r a c t e d  C h a n n e l .
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F i g . 1 0 .  S t r e a m  G r o s s  S e c t i o n  a t  T o t a l - L o a d  M e a s u r i n g  B r i d g e , N io b k a r a  
B i v e r  n e a r  V a l e n t i n e , N e b r .
tions are shown in Figs. 9 and 10. A comparison of the channel areas 
at the contraction and at a normal section, and related vertical ve­
locity and sediment distribution curves are shown in Fig. 11.
D i s c u s s io n  o f  R e s u l t s
Prelim inary results of typical observations for each of the meas-
N O R M A L  S E C T IO N
CONTRACTED SE CT IO N
\
v j ,
VELOCITY IN FEET PER SECONO PERCENT COARSER
THAN .06 2  MM
EXPLANATIONO
Normal section
F i g . 1 1 .  C h a n n e l  C r o s s  S e c t i o n s  a n d  V e r t i c a l  D i s t r i b u t i o n s  o f  V e l o c i t y  
a n d  S a n d , N i o b r a r a  B i v e r  n e a r  V a l e n t i n e , N e b r .
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F i g . 1 2 .  P a r t i c l e -S i z e  D i s t r i b u t i o n  f o r  S a n d  a t  M e a s u r i n g  S t a t i o n s .
Tiring stations are summarized in Table 1. Distributions of the sand 
fraction of the sediment for the several stations are given in Fig. 12. 
These data in addition to other data not included in this report in­
dicate th a t the measured sediment load approaches the total load in 
transport at several of the stations for the observed conditions of 
flow. F o r the individual stations the following comments are perti­
nent :
Niobrara River Near Cody, Nebr.
Total load is determined at the contracted section during normal 
river stages. D uring high stages the flow at the contracted section 
is too tu rbulen t for samples to be obtained, and that at the normal 
section has sufficient turbulence to remove all the bed material. The 
stream then is believed to be flowing on bedrock in most of the reach. 
Thus, the normal section would no longer be alluvial in character, 
and comparisons of sediment loads at the normal and contracted 
sections would not reflect the quantities of bed load in transport. 
The unmeasured load (bed load) a t this section during high stages 
may be an appreciable quantity  in itself but perhaps is not signifi­
cant in comparison to the measured suspended load.
http://ir.uiowa.edu/uisie/34
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The studies indicate th a t the bed load (unmeasured load) at the 
normal section is approximately equal to the suspended load for an 
average discharge of 350 cfs. The median particle size for the sand 
fraction was as follows: 0.136 mm for suspended sediment at the 
normal section, 0.180 mm for suspended sediment at the contracted 
section, and 0.292 mm for the bed material at the normal section. 
Sand constituted 55 percent of the suspended load at the normal 
section and 74 percent at the contracted section for the data studied.
Niobrara River Near Valentine, Nebr.
The investigations of total load at this station indicated that prob­
ably all the sediment was in suspension at the contracted section 
during a m ajor p art of the study. A t short intervals, during mini­
mum flow or during periods of backwater from ice, appreciable 
quantities of sediment may have been passing through the section 
as unmeasured load. In  February  1951, the measuring section was 
altered by ice which caused a concurrent reduction in stream ve­
locities. This change may have perm itted some movement of bed 
load in a p a r t of the section.
The investigations at this station for an average discharge of 833 
cfs. indicate that the bed load (unmeasured load) was approximately 
equal to the suspended load. Sand constituted 87 percent of the 
suspended load at the normal section and 97 percent at the con­
tracted  section. The median particle size of the sand fraction for 
this reach was as follows: 0.139 mm for suspended sediment at the 
normal section, 0.184 mm for suspended sediment at the contracted 
section, and 0.250 mm for the bed material at the normal section.
Snake River Near Burge, Nebr.
The data available indicate th a t total load is not measured in the 
contracted section and th a t the gaging section is not typical of a 
section on a normal alluvial stream. The scope of the program has 
been expanded to determine what percentage of the total load is 
in transport as bed load. The average discharge was 260 cfs., and 
the median particle size for the sand fraction was as follows: 0.151 
mm for suspended sediment at the normal section, 0.183 mm for 
suspended sediment a t the contracted section, and 0.290 mm for the 
bed m aterial at the normal section. Sand constituted 87 percent of 
the suspended load at the normal section and 90 percent at the con­
tracted  section.
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Middle Loup River at Dunning, Nebr.
The total sediment load is measured at this station to a high de­
gree of accuracy. Because the turbulence flume does suspend the 
total sediment load, the accuracy at this station is not dependent on 
the different modes of transport but only on the sampling frequency 
and the accuracy of the stream-flow records. A t an average dis­
charge of 365 cfs., the suspended load measured at a section u p ­
stream from the flume was approximately half the total load meas­
ured at the sampling sill. Sand constituted 79 percent of the sus­
pended load at the normal section and 91 percent a t the measuring 
sill. The median particle size for this fraction was as follows: 0.132 
mm for the suspended sediment at the normal section, 0.177 mm for 
the suspended sediment at the contracted section (measuring sill), 
and 0.328 mm for the bed material at the normal section.
Pivemile Creek Near Riverton, Wyo.
The sediment in transport at this station ranges from clay to fine 
gravel. I t  is not possible to measure the total load with the stream 
velocities encountered in the present channel. Deposits are not 
found in the contracted section, but examination of the section by 
wading indicates some bed-load movement. The suspended load as 
measured can closely approximate the total load because of the high 
concentrations of clay, silt, and fine sand.
A t a discharge of 165 cfs., the suspended load at the normal sec­
tion was equal to about 81 percent of that measured at the con­
tracted section. The median particle size for the sand fraction was 
as follows: 0.120 mm for suspended sediment at the normal section,
0.125 mm for suspended sediment at the contracted section, and
0.300 mm for the bed material at the normal section. Sand consti­
tuted 18 percent of the suspended load at the normal section and 
29 percent at the contracted section.
S u m m a r y  a n d  C o n c l u s i o n s
1. The investigations on the Niobrara River near Cody and Val­
entine, Nebr., indicate that the flow in the contracted sections is 
sufficiently turbulent at low stages to transport the total sediment 
load in suspension. Similar studies on the Snake River near Burge, 
Nebr., and Fivemile Creek near Riverton, Wyo., indicate th a t tu r ­
bulence in the contracted sections is insufficient to transport the 
total sediment load in suspension at all stages.
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The investigations on the Middle Loup River at Dunning, Nebr., 
show th a t the total sediment load can be measured satisfactorily by 
means of an artificial turbulence flume. Definite information on the 
efficiency of the flume can be obtained, during the collection of sedi­
ment samples, by inspecting the measuring sill for deposited bed 
material.
2. The tractive and turbulent forces of the flow in the contracted 
sections of the Snake River near Burge, Nebr., and Fivemile Creek 
near Riverton, Wyo., are less than the limit required for transporta­
tion of the total sediment load in suspension. This deficiency makes 
i t  seemingly impossible to determine the total sediment load of those 
sections without the installation of an artificial turbulence flume. 
The applicability of the various bed-load formulas has heretofore 
been uncertain.
A cursory study of the applicability of several bed-load formulas 
to data  obtained for the Middle Loup River at Dunning for a total 
load of 1,480 tons per day, a suspended load of 740 tons per day, 
and a water discharge of 361 cfs. reveals the following:
F orm ula  Com puted bed load  Difference from  computed bed load a /
(tons p e r day) (tons pe r day) (percent)
Du Boys 521 219 30
Schoklitsch 498 242 33
K a l i n s k e _ 354 386 52
E inste in f  (b )3 6 4 376 51
' I (e)162 578 78
(a )  740 tons pe r day.
(b )  A verage bed m ate ria l size d is tribu tion  from  29 samples collected a t 
4-foot in te rva ls in  the  cross section.
(c )  A verage bed m ate ria l size d is tr ib u tio n  from  three  samples collected a t  
random  verticals in  the  cross section.
The quantities of bed load as computed from the Du Boys [1] 
Schoklitsch [2] and Kalinske [3] formulas are believed to be di­
rectly comparable to the unmeasured sediment load a t the normal 
alluvial section, exclusive of the error introduced in the vertical 
section by the collection of samples with the US DH-48 sampler. The 
figures obtained for the Einstein [4] equations do not include the 
wash load, which for these data is about 10 percent of the total load. 
Analyses of the data obtained at the several river stations may re­
sult in a bed-load equation th a t is applicable to certain specific par­
ticle sizes and characteristics of the flow.
3. These total-load investigations again point to the complexity
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of the problem and to the need for a bed-load formula th a t will give 
consistent results for na tu ra l streams th a t flow in alluvial channels 
(1) when in equilibrium and (2) when the channels are aggrading 
or degrading.
I t  has long been recognized th a t the total sediment load will re ­
main constant from section to section in a graded alluvial stream. 
If  the velocity or turbulence decreases in a reach, the quantity  of 
bed material in suspension decreases, with a resulting increase in 
the rate of bed-load movement, and vice versa. The increase or de­
crease in the quantity of bed material in suspension from section 
to section is then a measure of the increase or decrease in the trac ­
tive and turbulent forces.
The measurement of the suspended load at two cross sections that 
have different hydraulic characteristics presents an approach to the 
total-load problem that may have been heretofore overlooked. If  it 
is assumed that bed-material samples collected at both sections will 
give the particle-size distribution of the bed load and that the in ­
crease in turbulent and tractive forces will suspend additional bed 
load up to some limiting particle size, then the particle-size d istribu­
tion of the suspended-load increment at the more tu rbulen t section 
should indicate the percentage of bed load th a t has gone into sus­
pension. This approach, which necessarily involves several assump­
tions, is perhaps one usable method for obtaining a practical meas­
urement of the total load of large streams at selected locations.
A c k n o w l e d g m e n t s
The total-load investigations for most of the measuring stations 
are made in cooperation with the U. S. Bureau of Reclamation.
L is t s  o f  S y m b o l s
t 0  =  Shear at bed per unit area 
■yw =  Specific weight of water 
y 0 — Depth of flow
5  =  Slope of stream bed
ts =  Shear acting on single particle 
d  =  Particle diameter
6 =  Constant
W  —  Immersed weight of particle in water 
yv —  Specific weight of particle 
/  =  Friction coefficient 
xfz =  Constant (2//30)
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t c =  Critical shear at which movement begins 
S c =  Critical slope at which movement begins 
k  =  Constant dependent on particle shape
V  =  Velocity of flow 
<p =  Function of 
V m —  Critical mean velocity of flow 
c =  Constant 
d g =  Mean diameter of particle 
V,, =  Critical velocity near the bed
D is c u s s io n
Mr. Boucher considered the method of total load measurement 
through increasing the stream turbulence and velocity locally by 
n atu ra l or artificial means to be a valuable contribution and a satis­
factory approach for small streams. He questioned the results of 
the Snake River investigation, pointing out that the percentage of 
sand coarser than 0.062 mm, obtained at the contracted section, was 
lower than th a t obtained at the normal section. This would indicate 
th a t an observer making measurements at the contracted section 
might fail to obtain accurately the total sediment load.
He pointed out that a satisfactory bed-load sampler is still neces­
sary, as the larger rivers do not present opportunities for putting 
the bed load into suspension through increased turbulence. He has 
been investigating the effects of bed-load movement on the River 
St. Lawrence Ship Channel in the vicinity of the Island of Orleans 
about 30 miles below Quebec City, Canada. The channel in that 
reach is 1000 feet wide and is dredged to a depth of 35 feet. Sand 
deposits in the channel at a very high rate. The study is being con­
ducted to determine the source rate of transport of the bed material, 
and ways and means of preventing deposition. Since the channel of 
the River between the Islands of Orleans and Reaux is about 10,000 
feet wide, the Orleans channel 8,000 feet wide, and the combined 
stream flow =  300,000 cfs. during conditions of maximum velocity, 
a bed-load sampler is obviously necessary to study the movement. 
Bed-load formulas are not applicable, for the channel is situated in 
an estuary. A sampler of the basket type, suitable for the prelimi­
n ary  investigation, has been developed and work is continuing.
Mr. Kolupaila remarked that because the velocities in the con­
tracted sections were high and the flow very turbulent, the accuracy 
of the velocity and sediment observations might be open to some 
question.
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Mr. Albertson asked whether or not the suspended sediment sam­
pler could be used to collect all sizes of sediment which might have 
been in suspension in the turbulen t section. Any inaccuracies in the 
collection of the larger sizes would be reflected in the size-frequency 
distribution of the sediments.
Mr. Vanoni expressed his belief that at the present stage of knowl­
edge of the movement of bed material as bed load, accuracies of 
formulas within 50 percent, as indicated by the results given in the 
paper, is not unreasonable. He asked if the so-called bed load was 
only the material moving in intimate contact with the bed or if it in ­
cluded material moving at times in suspension and at times as bed 
load.
In  closing the discussion Mr. Benedict stated th a t the velocity 
measurements were made in the contracted section with standard  
U. S. Geological Survey equipment, including the Price current 
meter and heavy sounding weights. The lead weights, which are 
100 pounds or larger, held the meter very well. However, the 100- 
pound samplers, which are made of bronze, were more bulky and 
were affected much more by the turbulence. He did not believe that 
the effect was serious.
He indicated that sediment sizes up to 3/16 inch in diameter 
could be collected. A very small percentage of the bed material was 
found to exceed that size and sampling showed very little material 
approaching 3/16 inch in suspension.
Since the suspended-sediment sampler can go no lower than 0.3 
foot above the bed, some error is introduced, the unmeasured load 
including bed load and the so-called “ saltation load.”  Mr. Benedict 
agreed that the indicated accuracy of some bed-load formulas was 
not out of line, especially considering that most of the experimenta­
tion for their derivation has been performed in laboratory flumes.
R E F E R E N C E S
1. Engineering Hydraulics, ed ited  by H u n te r  Rouse, Jo h n  W iley & Sons, Inc., 
New York, 1950, pp. 815-817.
2. Chang, Y. L., “ L ab o ra to ry  Investiga tion  of Flum e T rac tion  and  T ran sp o r­
ta t io n ,”  Trans. A.S.C.E., Vol. 104, 1939, pp. 1246-1313.
3. Kalinske, A. A., ‘ ‘ M ovement o f Sedim ent as B ed L oad in  Rivers, ’ ’ Trans. 
A.G.U., Vol. 28, 1947, p. 615.
4. E instein , H . A., ‘ ‘ The B ed-Load Fun c tio n  fo r  Sedim ent T ran sp o rta tio n  in  
Open Channel F low s,”  Soil Conservation Service Tech. Bull. 1026, U . S. 
Dept, of Agric., 1950.
http://ir.uiowa.edu/uisie/34
B IB L IO G R A P H Y
1. B ogard i, J . ,  “ Solid T ran sp o rta tio n  by R ivers ,”  La Houille Blanche, 
M arch-A pril 1951, pp. 108-131.
2. E inste in , H . A., “ B ed-Load T ran sp o rta tio n  in  M ountain  C reek,”  U. S. 
Dept, o f Agric., Soil Conservation Service, A ugust 1944.
3. G ilbert, G. K ., “ T ran sp o rta tio n  of D ebris by  R unning W a te r ,”  U. S. G. S. 
P ro f .  P a p e r  86, 1914.
4. U. S. Governm ent Agencies and  Iow a In s t i tu te  o f H ydrau lic  Research, A  
S tudy o f Methods Used in Measurement and Analysis o f Sediment Loads 
in  S tream s:
R eport 3, “ A naly tical S tudy  of M ethods of Sam pling Suspended Sedi­
m ents, ’ ’ S t. P a u l D is tr ic t  Sub-Office, Corps of E ngineers, H ydraulics L ab ­
oratory , Univ. o f  Iowa, Iow a City, Iowa.
5. L ane, E . W., and  K alinske, A. A., ‘ ‘ R elation  o f Suspended to  Bed M a­
te r ia l  in  R iv ers ,”  Trans. A.G.V., Vol. 20, 1939, p. 637.
6. Love, S. K ., an d  B enedict, P .  C., ‘ ‘ D ischarge and Sediment Loads in  the 
Boise R iver D ra inage  B asin, Idaho, 1939-40,”  U. S. G. S. W ate r Supply 
P a p e r  1048, 1948.
7. Mavis, F . T., and  Laushey, L . M., “ Form ula  fo r  Velocity a t  B eginning of 
Bed-Load Movement is R eap p ra ised ,”  Civil Eng., Vol. 19, No. 1, 1949, 
pp. 38-39.
8. Rouse, H u n te r, ‘ ‘ An A nalysis o f  Sedim ent T ransporta tion  in the L ig h t of 
F lu id  T urbu lence,”  Soil Conservation Service Tech. Paper 25, U. S. Dept, 
o f Agric., Ju ly  1939.
9. Rubey, W . W., “ The Force  R equired to Move P artic les  on a  S tream  B ed ,”  
U. S. G. S. P ro f .  P a p e r  189-E, 1937, pp. 121-141.
10. Serr, E . F ., I l l ,  “ Investiga tions o f F luv ia l Sedim ents of the N iobrara  
R iver near Cody, N e b ra sk a ,”  U. S. G. S. Circ. 67, 1950.
11. S trau b , L . G., “ A pproaches to the  S tudy  of the Mechanics o f Bed Move­
m e n t,”  Proceedings Hydraulics Conference, Univ. of Iow a Studies in E n ­
g ineering, Bull. 20, 1940.
http://ir.uiowa.edu/uisie/34
AN INSTRUM ENT FO R  RA PID  
SIZE-FREQUENCY ANALYSIS OF SEDIM ENT
By
D a v id  W. A p p e l  
Iowa Institu te of H ydraulic Research, Iowa City, Iowa
In  recent years one of the principal deterrents to more extensive 
sediment investigations has been the lack of a rap id  and accurate 
method of size-frequency analysis of sediment. Sampling equipment 
and techniques have been perfected to such a point th a t thousands 
of sediment samples are obtained each year, bu t only a relatively 
few of these are analyzed for particle size-frequency distribution 
simply because present methods are too time consuming and costly. 
Many investigators have sought a solution to the problem with the 
result th a t a wide variety of ingenious devices and methods have 
been proposed. In  a comprehensive study made jointly by the Iowa 
Institute of H ydraulic Research and six Federal agencies [1], the 
existing methods of analyzing sediment were evaluated and the re ­
quirements for suitable instrum entation were reviewed. This estab­
lished a foundation for fu rthe r work toward a rap id  size-frequency 
analyzer. A bottom-withdrawal tube was proposed [1] and has 
gained wide acceptance. U nfortunately the bottom-withdrawal tube 
method is quite laborious and not suitable for rap id  analysis.
From the extensive work th a t has been done on methods of size- 
frequency analysis, it is evident th a t the problems encountered are 
numerous and difficult. A successful instrum ent can be attained 
only after solutions are found to each of the problems involved. Im ­
portant progress is being made a t the Iowa Institu te  of H ydraulic 
Research on the development of a more rap id  and accurate in stru ­
ment. The three recent developments that will be discussed are as 
follows:
1. An improved method for producing stratified suspensions.
2. A method of making a differential pressure traverse of a s tra ti­
fied suspension which permits direct measurement of the size- 
frequency of the sediment.
3. An electrical pressure transducer for measurement of very
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small differential pressures such as are obtained in traversing 
stratified suspensions of sediment.
Following a discussion of these developments, their application in 
an experimental instrum ent now being tested will be described. 
F inally, the new technique of analysis will be compared with the 
widely used bottom-withdrawal method.
S t r a t i f ie d  S u s p e n s i o n s
M any of the methods that have been proposed for size-frequency 
analysis of sediments have been based on the theory of sedimenta­
tion from initially homogeneous suspensions, first published by 
Oden in 1915 [2J. In  this method the sediment accumulating at the 
bottom of a column contains particles of all the sizes present in the 
sample. I t  is only by graphical analysis of the rate at which the sedi­
ment accumulates that the size frequency of the sediment can be 
determined. Other methods utilize stratified suspensions in which 
the sediment is separated according to its fall velocity, with the 
largest particles near the bottom of the column and the finest at the 
top. Two techniques have been used to obtain stratified suspensions. 
The first is to suspend the sediment in upw ard flow in a tapered 
column or series of columns of increasing diameter. This technique, 
called elutriation, permits only a rough separation of the different 
size particles because of the difficulties of establishing a constant 
upw ard velocity across the column, particularly  if low velocities are 
required. The second means of producing a stratified suspension is 
to introduce the sediment at the top of the column of liquid. This 
has not been generally accepted because disturbances are caused by 
the introduction of the sample. Flocculation, induced eddy motion, 
and gravity  currents prevent accurate separation of the particles 
according to their fall velocities.
The original work on an improved method of obtaining stratified 
suspensions was conducted at the State University of Iowa in 1948 
by Col. H. J . Skidmore as a doctoral dissertation [3], In  this new 
method a filter is utilized which is sufficiently fine to support in i­
tially the sample of sediment at the top of the sedimentation column. 
As the filter is w ithdrawn the sediment is left to fall freely and 
thus to become stratified in the column. The main requirement for 
a suitable filter is a uniform  porosity in order that there will be no 
eddy motion generated as the filter is withdrawn from the sediment. 
Skidmore used a loose-bed filter of lead shot and quartz sand. In
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the experimental results to be presented later it will be shown th a t 
this was used successfully. More recently the w riter has used com­
mercial porous metal filters made by the sintering of very fine metal 
beads. Difficulties encountered in the use of these are yet to be over­
come, but it is hoped that they will eventually replace the loose-bed 
filter.
The use of a filter to obtain a uniform  release of the sediment at 
the top of the column permits an im portant assumption to be made 
with acceptable accuracy: that all of the sediment begins its free 
fall from the initial elevation of the filter. This is justified provided 
that the depth of the sediment on the top of the filter is small com­
pared to the total height of the sedimentation column, and provided 
that the filter is uniformly porous to eliminate eddy motion as it is 
withdrawn. The small-scale turbulence produced by the porous filter 
quickly decays without causing appreciable displacement of the 
particles in the suspension. Furtherm ore, the releasing of the entire 
sample at the top of the column causes the particles of different sizes 
to become separated quickly, thus minimizing interference between 
particles having different fall velocities.
The principal advantage in using a stratified suspension is that 
a direct indication of the size-frequency of the sediment can be ob­
tained. The particles of sediment become arranged in the column 
according to their size so that the weight of sediment between any 
two levels at any time represents the amount of sediment in a p ar­
ticular size range. If  the bottom-withdrawal technique were applied 
to a stratified suspension, the weight of sediment withdrawn a t each 
interval would be the amount of sediment in the size ranges deter­
mined by the times at which the withdrawals are made. No graphical 
solution would be required for the size-frequency as is required by 
bottom-withdrawal from homogeneous suspensions. Time would be 
saved and the inaccuracy of the graphical solution eliminated. F u r ­
thermore, measurements of differential pressures in a stratified sus­
pension can be made to obtain the weight of the sediment size frac­
tions directly and thereby eliminate the task of drying and weigh­
ing each separately. These simplifications eliminate a large per­
centage of the work involved in other methods of size-frequency 
analysis. Thus, to be able to produce satisfactory stratified suspen­
sions is an im portant step toward the achieving of rap id  analyses 
of sediment.
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U s e  o f  a  D i f f e r e n t i a l - P r e s s u r e  T r a v e r s e
I t  was evident when the use of a stratified suspension was first 
being considered th a t a very simple measurement of differential 
pressures would give a direct indication of the weight of the indi­
vidual sediment size fractions. The principle is illustrated in Fig.
1, which shows two piezometers in the wall of the sedimentation 
column connected to a differential pressure gage.
I f  the w ater in the sedimentation column contains no sediment,
F i g . 1 . P r e s s u r e -G a g e  A r r a n g e m e n t  f o r . D e t e r m i n i n g  t h e  W e i g h t  o f  
S u s p e n d e d  S e d i m e n t .
the differential pressure at the gage is zero. Introduction of sedi­
ment increases the effective density in the column and raises the 
pressure at the lower piezometer. The product of the differential 
pressure at the gage and the area of the sedimentation column must 
be equal to the submerged weight of the sediment in suspension be­
tween the piezometers. An equation for the differential pressure 
Ap  is then
A p  =  V i ^ L - W s  
ysA
in which
ys =  specific weight of the sediment, 
yw =  specific weight of the water,
A  •=  area of the sedimentation column, and 
Wg =  the total weight of sediment between piezometers.
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For a sedimentation column of area A ,  and for known un it weights 
of the sediment and water, the first term  on the righ t is a constant, 
so that Ap  is proportional to the total weight of sediment between 
the piezometers. Thus, if a sample of sediment is allowed to fall 
freely from the top of a sedimentation column, a differential pres­
sure gage such as that shown in Fig. 1 indicates first the total weight 
of the sample, and then, as the coarser particles pass the lower pie­
zometer, the weight of successively finer size-fractions.
A record of Ap versus time for a hypothetical river sediment is 
shown in Fig. 2. In  this example the lower piezometer was located
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arbitrarily  38 cm below the free surface. I t  can be seen that the time 
during which all of the sediment is in suspension between the pie­
zometers is relatively short (20 seconds), yet after 300 seconds (five 
minutes) over a quarter of the sediment is still in suspension. It 
would take a long time for all of the sediment, or even 90 or 95 per­
cent of it to pass the lower piezometer. To attain  a rap id  analysis, 
Skidmore made the lower piezometer traverse the sediment suspen­
sion so that during the analysis the length of column between the 
two piezometers could be reduced to zero. The resulting relationship
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between Ap and time is shown in Fig. 3 for the case in which the 
elevation of the lower piezometer is increased a t a constant rate. One 
of the most im portant advantages of this is that the total time for 
the test is reduced. The large particles still fall the full length of the 
column as before, the smaller particles fall just part way, and finally 
the next to the smallest particles of interest fall only as far as is 
necessary for them to become distinct from the smallest particles. 
The la tter requirement governs the rate at which the piezometer 
can traverse the sediment suspension. For example, if the smallest 
particle size of interest has a fall velocity of 0.003 cm per second, 
and it must fall about 1 cm to become separate from finer particles, 
then the total time for the test would have to be about 300 seconds 
or 5 minutes. F u rth er experiments will be required before the mini­
mum fall th a t will be required for separation of the finest fraction 
can be determined.
The traversing of the sedimentation column at a constant rate has 
the additional advantage th a t an auxiliary scale of fall velocity or
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sedimentation diameter can be prin ted  along the time axis as shown 
in Fig. 3. The plot is actually the conventional size-frequency dis­
tribution graph, except that the sedimentation diameter is not the 
usual logarithmic scale. Thus, the use of a stratified suspension and 
a constant-speed traverse yields a differential pressure record that 
can be plotted versus time to give directly the size-frequency dis­
tribution curve of the sediment.
A very sensitive liquid manometer was used in the Skidmore in­
strum ent to measure the differential pressure. I t  had the disadvan­
tage that the traverse had to be stopped for readings to be taken. 
Also, it required a second operator and the recording of the nu ­
merical data before the results could be plotted. Skidmore suggested 
that the work involved in this phase of the analysis could be greatly 
reduced if an electrical pressure transducer and a pen recorder were 
used to give the size-frequency distribution curve automatically. 
The development of this equipment constitutes the th ird  step to­
ward the achievement of a satisfactory instrum ent for rap id  sedi­
ment analysis.
A n  E l e c t r ic a l , P r e s s u r e  T r a n s d u c e r
The development of electrical instrum ents for measurements of 
pressure has received considerable attention at the Institu te since 
1945. One objective has been to obtain a transducer for automati­
cally recording slowly varying differential pressures of very small 
magnitude, such as might be obtained in sediment analysis. Re-
Unknown
Pressures
F i g . 4 .  S c h e m a t i c  D i a g r a m  o f  D i f f e r e n t i a l  P r e s s u r e  T r a n s d u c e r  a n d  
R e c o r d i n g  E q u i p m e n t .
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W eigh t o f S edim ent B etw een P ie zo m e te rs  (g ra m s ) 
F i g .  5. C a l i b r a t i o n  o f  D i f f e r e n t i a l - P r e s s u r e  T r a n s d u c e r .
cently a very simple instrum ent was constructed under the direction 
of Philip  H ubbard of the Institu te staff and was found to have the 
required sensitivity. A schematic diagram of the equipment is shown 
in Fig. 4. The unknown pressures are transm itted to closed chambers 
separated by a highly flexible metal bellows 2.5 inches in diameter. 
The twelve convolutions of the bellows allow the free end to deflect 
a measurable amount in response to minute differences in pressure. 
The bellows is attached to the movable core of a commercial differ­
ential transform er. Any movement of the bellows causes the core to 
be displaced, and the voltage in the two secondaries to become un­
balanced. The difference between these voltages, after being ampli­
fied and rectified, activates a pen recorder. Both the bellows and the 
differential transform er have linear characteristics within their 
operating ranges. As a result, the displacement of the recording pen 
is directly proportional to the difference in the unknown pressures.
The sensitivity obtained in this instrum ent is unusually high as 
is indicated by the calibration curve shown in Fig. 5. Full-scale 
reading on the recorder can be obtained with less than one gram 
of sediment in the sedimentation column. This corresponds to a 
maximum differential pressure of less than 10“ 3 psi at the trans­
ducer, or, in terms of the usual differential water manometer read­
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ings, a maximum difference in liquid level of less than 0.0025 inch. 
The minimum reading on the recorder would then correspond to 
about 10“ 5 psi differential pressure or one one-hundredth of a gram 
of sediment. The corresponding movement of the bellows is also 
small, amounting to 0.0005 inch for full-scale output at the recorder, 
or a minimum observable displacement of about 5 x 1 0 “ 6 inch. 
A sufficiently rapid time response is also obtained; Fig. 6 is a rec­
ord of the response to an instantaneous change in differential pres­
sure of the transducer connected to the two piezometers in the sedi­
ment columns. From  this it can be seen th a t the time for essentially 
complete response of the transducer is about 3 seconds. I t  is axio­
matic that there must be close control of extraneous variables for 
measurements of such small quantities to be made accurately. The 
variables having the greatest effect on the transducer indication are 
mean pressure, tem perature, acceleration of p a r t of the system, and 
air content. The provisions for controlling these are described in the 
discussion of an experimental instrument.
I n s t r u m e n t  D e s i g n  a n d  O p e r a t io n
The three new developments that have ju st been discussed have 
been incorporated into the design of an experimental instrum ent 
now being tested at the Institute. Although this work is being done 
by the writer as an Institu te project as well as for his doctoral dis­
sertation, it should be emphasized th a t the basic principles of the 
method and the first experimental equipment were the work of Col. 
Skidmore. A new design has been made to accommodate the use of
F i g . 6 . R e c o r d e d  R e s p o n s e  o p  I n s t r u m e n t  t o  I n s t a n t a n e o u s  C h a n g e  o p  
D i f f e r e n t i a l  P r e s s u r e  i n  t h e  S e d i m e n t a t i o n  C o l u m n .
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the electrical pressure transducer, and to make possible a continu­
ous pressure traverse.
The arrangement of the sedimentation column, filter piston, pie­
zometers, pressure lines and differential pressure transducer is shown 
schematically in Fig. 7. The sedimentation column and the pressure 
transducer are stationary, the pressure traverse being made by 
means of the traversing tube in the sediment column. The mean pres­
sure at the transducer is, therefore, practically constant. The small 
changes that do occur do not appreciably affect the output of the 
transducer. The rig id  brass U-tube between the traverse piezometer 
and the flexible tube to the transducer provides approximate dy­
namic balance in the pressure system ; that is, a continuous traverse 
of the column can be made without the motion influencing the dif­
ferential pressure indication. In  the operation of the analyzer the 
filter is initially at the top of the column. The sediment sample is 
introduced along with a small volume of water in which the sample 
is dispersed; then the piston is withdrawn rapidly enough to keep 
ahead of the fastest falling particles of sediment. Gaskets between 
the filter piston and the column wall force the water in the column 
to pass upw ard through the filter. W hen the piston reaches the bot­
tom of the column, it is stopped and the piezometer rod started
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Column
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slowly back up through the column. The filter is held in place by 
friction while the piezometer rod slides smoothly upw ard through 
a small O-ring gasket. A t the end of this traverse, during which the 
differential pressure record has been obtained, the sediment is 
flushed out and the filter re turned  to the top of the column by water 
which is adm itted under pressure a t the bottom of the column. 
Finally, a small amount of water is drained from the column to 
bring the w ater surface down to the level of the upper piezometer 
and to make room for the next sample to be introduced.
This experimental instrum ent for size-frequency analysis is shown 
in Fig. 8. A large plastic cylinder filled with water contains as much 
of the equipment as is feasible so that a constant tem perature can 
be maintained. The pressure transducer is in the bottom of the water 
bath and is connected to the sedimentation column through valves 
mounted on the plastic cylinder. These valves permit the transducer 
to be isolated, the pressure lines to be flushed to remove air, and the 
sedimentation column to be flushed to remove the sediment at the 
end of a test. The synchronous motor and gear-change mechanism 
which are used for driving the piston and piezometer on their 
traverses are behind the w ater bath. To the left is the pen recorder 
and below the electronic amplifier. In  addition to the equipment 
shown, there must be an A-C power supply and a reservoir of water
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kept at the same tem perature as the water in the constant-tempera- 
ture bath.
C o m p a r is o n  w i t h  B o t t o m - W i t h d r a w a l  M e t h o d
The instrum ent just described has been at its present stage of de­
velopment such a short time th a t no analyses have been run  for com­
parison with other methods. However, the principles have already 
been checked by Skidmore with his experimental apparatus and com­
parative analyses run  with the bottom-withdrawal tube. The results 
were presented in Skidmore’s dissertation, in which he concluded 
that “ the results obtained do show good agreement with results 
obtained by bottom-withdrawal methods except that, in general, 
particle sizes given by the experimental apparatus tend to exceed 
those obtained by bottom-withdrawal methods, particu larly  in the 
upper size brackets.”  Some of the results on which this conclusion 
was based are shown in Fig. 9. The bottom-withdrawal method of 
analysis was used as the basis for the comparison because it had been 
checked by the pipette method, and because it  had become widely 
recognized and accepted.
There are other factors th a t should be considered in a comparison 
of the two methods for size-frequency analysis. One is that the ex­
perimental analyzer is more complex than the bottom-withdrawal 
tube. However, the difference is perhaps not as great as it may first 
appear to be. For example, the electronic components in the experi­
mental analyzer are standard  commercial instrum ents which are 
easy to use and seldom need servicing. These are comparable, in 
a way, to the auxiliary equipment necessary for bottom-withdrawal 
analysis: the Gooch crucibles, vacuum filters, drying oven, and 
analytical balance. The electronic equipment in effect replaces these, 
speeding up the process of “ weighing”  the sediment fractions. Since 
the electronic instruments and the analyzer itself are relatively 
simple to use, no special skill or train ing would be required of an 
operator. The human element is minimized by the use of the auto­
matic equipment and by the elimination of the graphical solution 
required in the bottom-withdrawal method.
The principal advantage of the new method is the reduction in the 
time required to analyze each sediment sample. I t  has been esti­
mated that a technician can ru n  about 4 to 6 complete size-frequency 
analyses in an eight-hour day by the bottom-withdrawal method. 
This includes the operating of the withdrawal tube, the filtering,
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the drying and weighing of the sediment, and the calculating and 
plotting of the results. The same number of samples could be run  
in less than an hour by the new method. About four minutes would 
be required to ru n  the analysis of each sample, and probably about 
the same length of time to flush the sample from the column and to 
introduce the next. This would increase the number of samples that 
a technician could ru n  in a day to about ten times the number pos­
sible by using the bottom-withdrawal method.
There is one additional advantage that should be noted. I t has 
been known for a long time th a t the presence of numerous falling 
particles in a column of liquid would probably have an effect on the 
fall velocities of the individual particles. Now both theoretical and 
experimental evaluations of the concentration effect on fall velocity 
have been made and brought to the attention of the profession by 
McNown and Lin [4], For statistically homogeneous concentrations 
as low as 1000 parts per million surprisingly large reductions in 
velocity— 1 0 % — were recorded. F or higher concentrations the 
reduction in velocity was found to be even greater. Corrections for 
the concentration effect can be applied to the size-frequency results 
obtained from stratified suspensions, whereas they cannot from 
homogeneous suspensions. Thus, the new instrum ent holds promise 
not only for more rap id  but also for more precise measurements of 
sediment size-frequency than can be made with other instruments 
now available.
D is c u s s io n
Mr. Barbarossa remarked that any step directed toward improve­
ment of field instrum entation in sedimentation is a very worthy 
endeavor. Mr. A ppel’s efforts to develop the instrum ent he described 
for the purpose of expediting one of the im portant phases of sedi­
ment investigations are very commendable. The question could be 
raised as to whether or not stratification in the sediment tube actu­
ally occurs. However, the instrum ent is acceptable to the field en­
gineer because the indications to date are that the results yielded 
by Mr. A ppe l’s instrum ent are at least as good as those obtained 
by means of the bottom-withdrawal tube, which has been rather 
generally accepted.
Much river data on sediment has been collected in the past for 
limited purposes. I t  is very rare indeed that river data are obtained 
for the far-sighted purpose of contributing to a total solution of
http://ir.uiowa.edu/uisie/34
the sediment transport problem. Yet the gathering of complete and 
reliable river data for this purpose seems to be a very urgent need. 
An extremely serious obstacle to the collection of stream data for 
this aim is the lack of instrum entation which yields reliable results 
at low cost. Making both hydraulic and sediment measurements in 
the field with the instrum ents available at present is very time-con- 
suming and, hence, costly. For this reason those who control the 
purse strings of sediment investigations are inclined to discourage, 
if not to forbid, investigations which involve more than a piecemeal 
attack upon a pressing local problem.
There are several existing theories of sediment transport, con­
cerning which there is much disagreement and confusion. The en­
gineering profession will not accept these theories, and justly  so, 
until it has been demonstrated that they actually do predict, within 
reasonable limits, sediment behavior in both natura l and artificial 
streams. A t present no such substantiation exists. Doubt as to the 
validity of existing theories is raised because, prim arily, these the­
ories are based upon the results of laboratory experiments and ob­
servations. In  many hydraulic problems there is no bar to complete 
acceptance of laboratory results. Unfortunately, in the case of sedi­
ment transport the applicability of flume results is severely restric t­
ed. I t  is extremely difficult, if not impossible, to evaluate the beha­
vior of sediment in natural streams from laboratory studies alone. 
Neither does it appear possible to arrive at a complete theory of 
sediment transport from a study of river measurements alone. The 
laboratory specialist and the field specialist must each look to the 
other for guidance.
Mr. Mitchell thought that the instrum ent as designed was p ri­
m arily for silts and clays and asked if it  might be extended to in­
clude sands as well.
Mr. Bondurant also thought th a t the instrum ent should, if pos­
sible, be extended into the sand range.
Mr. Albertson indicated that in most streams the flow is tu rb u ­
lent, so that the particles are given very erratic motions and may 
tend to settle in some manner other than th a t under controlled con­
ditions in an instrum ent such as Mr. Appel described. The effects 
of particle orientation might be a factor.
Mr. Johnson questioned the sign of the effect of concentration on 
the fall velocity. Mr. McNown replied that experiments in the In ­
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stitu te indicated th a t the fall velocity decreased with increase in 
concentration.
Mr. Feodoroff suggested the use of varicolored particles and mov­
ing pictures to determine actual size distribution as a standard for 
comparison.
In  reply to Mr. Mitchell, Mr. Appel said th a t the instrument as 
now constructed was principally for use in the silt range. More ex­
perience with the operation of the instrum ent will be needed before 
indicating its applicability to sands and clays. However, for the 
analysis of sands a much simpler arrangement should be possible. 
Because of the relatively high fall velocities of sands, it should be 
possible to obtain satisfactory stratified suspensions by introducing 
the samples at the top of the sedimentation column without using 
the filter. The traversing mechanism and operation would be simpli­
fied, bu t the automatically recorded graph of the size-frequency dis­
tribution would still be obtained.
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